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Novel approaches for achieving full density powder metallurgy steels  
Maheswaran Vattur Sundaram 
Department of Industrial and Materials Science 
Chalmers University of Technology 
Abstract 
Powder metallurgy (PM) is one of the most resource-efficient methods for manufacturing structural 
components with complex shapes. The utilisation of the metal powder to shape the components allows 
to minimise material waste and increase energy efficiency. However, with increased usage of PM parts 
in high-performance applications, there is a demand for components that can withstand extreme loading 
conditions with properties being equivalent or better than those of their wrought counterparts. The PM 
steel components fabricated through press and sinter route, even with all their advantages, have 
limitations due to the presence of residual porosity. Hence, it is desirable to reach full density to meet 
the highest performance demands. This study covers different powder consolidation approaches for 
water atomised steel powder with the aim of reaching near full density. This is achieved through the 
following processes: cold isostatic pressing (CIP) followed by sintering, liquid phase sintering (LPS), 
double pressing-double sintering (DPDS). These approaches were complimented by capsule free hot 
isostatic pressing (HIP) to reach full density.  
Densification and subsequent enhancement of mechanical properties are to a certain extent directly 
connected to the successful removal of the surface oxide layer, covering the metal particles. This 
behaviour is especially critical in the case of powder pre-alloyed with oxygen-sensitive elements as 
chromium. The hydrogen in the sintering atmosphere reduces most of the surface iron oxide layer and 
any oxide residues are transformed into more stable oxides rich in Cr and Mn. Vacuum sintering 
provides oxide reduction through the formation of better local microclimate in the pores. When the 
powder is encapsulated and processed using HIP, the initial surface oxide is transformed into stable 
oxide particles that decorate the particle boundaries. Based on these results a model of oxide 
transformation during powder consolidation is proposed with regards to the alloy composition, powder 
properties and processing conditions. 
In order to realise full density, CIP is utilised for consolidating iron powder and Cr-Mo pre-alloyed 
water atomised powder to reach a relative density of around 95% in sintered state to attain surface pore 
closure. This allows for subsequent HIP without capsule to reach full density. In case of Mo pre-alloyed 
powder, the LPS approach utilising Ni-Mn-B master alloy was established for enhanced sintering and 
densification. The best mechanical properties were then obtained with 0.12 wt.% of boron that allowed 
reaching as-sintered relative density of up to 96%. In addition, pore free surface was obtained after 
sintering that enabled capsule-free HIP to reach full density. Through the DPDS process, a pore free 
surface could also be achieved, which enabled reaching full-density through the subsequent HIP. Even 
though fine powder showed better densification, the density gradient in the compact persisted from the 
first pressing is there as the low-density region i.e., neutral zone, in the middle of the compact even after 
second pressing and HIP. Hence, optimisation during the first pressing is necessary to avoid this 
phenomenon.  
All the above approaches represent different methods of achieving full density and selection of the 
appropriate method depends on the required geometry, alloy composition and hence resulting properties, 
number of components, cost, etc. Based on the analysis of the different methods it can be concluded that 
the combination of the tailored alloy concepts and consolidation techniques allows manufacturing of 
complex-shaped full-density PM components for high-performance applications.  
Keywords: powder metallurgy steels, water atomised powder, Cr- and Mo-alloyed PM steels, sintering, 
vacuum sintering, high density, full density, master alloy, liquid phase sintering, cold isostatic pressing, 
double pressing-double sintering, hot isostatic pressing.  
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Metallurgical and Materials Transactions A, Vol 49, (2018), no.1, pp. 255-263 
VI. Full densification in PM steels through liquid phase sintering and HIP approach 
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Nyborg 
Proceedings of EuroPM 2018, Bilbao, Spain, (2018) 
VII. Experimental and finite element simulation study of capsule-free hot isostatic 
pressing of sintered gears  
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The International Journal of Advanced Manufacturing Technology, Vol 99, (2018), 
no.5-8, pp. 1725-1733 
  
iv 
 
Contribution to the appended Papers 
I. The author took part in planning with the co-authors and performed the experimental 
work and wrote the paper with the cooperation of the co-authors.  
 
II. The author was involved in the planning and engaged in experiments together with co-
authors. The author wrote the paper in co-operation with the co-authors.  
 
III. The author planned and performed the experimental work in cooperation with the co-
authors and also wrote the paper in collaboration with the co-authors.  
 
IV. The author planned and performed the experimental work with co-operation of the co-
authors and also wrote the paper. 
 
V. The author planned and performed the experimental work in collaboration with the co-
authors and wrote the paper with the cooperation of co-authors. 
 
VI. The author planned and performed the experimental work in collaboration with the co-
authors and wrote the paper with the cooperation of co-authors. 
 
VII. The author planned and performed the experimental work and wrote the paper with the 
cooperation of co-authors. The co-author from KTH performed the FEM simulations.  
  
v 
 
Papers other than the appended  
i. Hot isostatic pressing of the water atomized steel powder: possibilities and 
challenges 
E. Hryha, M. Vattur Sundaram, A. Weddling, M. Bram, D. Chasoglou, L. Nyborg, W. 
Theisen 
Proceedings of WORLD PM 2018, Beijing, China 2018 
ii. Approaches to reach fully dense powder metallurgical materials 
M. Vattur Sundaram, E. Hryha, and L. Nyborg 
Proceedings of WORLD PM 2018, Beijing, China 2018 
iii. Manufacturing of valve bridge component utilizing lean alloyed powders and 
vacuum sintering 
R. Shvab, M. Vattur Sundaram, D. Chasoglou, H. Karlsson, S. Berg, E. Hryha, L. 
Nyborg  
Powder Metallurgy Progress, vol. 18, no. 1, pp. 31–39, 2018. 
iv. Effect of alloying type and lean sintering atmosphere on the performance of PM 
components 
M. Vattur Sundaram, R. Shvab, Sten Millot,  E. Hryha, L. Nyborg  
Powder Metallurgy Progress, vol. 17, no. 2, pp. 72–81, 2017. 
v. Vacuum sintering studies on chromium alloyed PM steels 
M. Vattur Sundaram, S. Karamchedu, C. Gouhier, E. Hryha, L. Nyborg 
Proceedings of World PM 2016, Germany 2016 
vi. Reaching full density of 100Cr6 PM steel by capsule free hot isostatic pressing of 
high-velocity compacted material 
H. Magnusson, K. Frisk, M. Vattur Sundaram, E. Hryha, C. Åslund, B.-O. Bengtsson, 
M. Ahlfors, and S. Wiberg 
Proceedings of World PM 2016, Hamburg, Germany 2016 
vii. Innovative powder based manufacturing of high performance gears  
A.Khodaee, M. Vattur Sundaram, M. Andersson, A. Melander, A. Strondl, I. Heikkilä, 
A. Miedzinski, L. Nyborg, and M. Ahlfors  
Proceedings of World PM 2016, Hamburg, Germany 2016 
viii. As-HIP microstructure of EBM fabricated shell components 
A. Leicht, M. Vattur Sundaram, Y. Yao, E. Hryha, L. Nyborg, L.-E. Rännar, A. 
Koptioug, K. Frisk, and M. Ahlfors 
Proceedings of World PM 2016, Hamburg, Germany 2016 
  
vi 
 
 
 
 
 
 
 
 
 
 
 
  
vii 
 
CONTENTS 
 
1 INTRODUCTION ............................................................................................................ 1 
 Background ................................................................................................................ 1 
 Densification approaches ........................................................................................... 1 
 Aim and scope of the thesis ........................................................................................ 3 
2 THE POWDER METALLURGY PROCESS ............................................................... 7 
 Powder production ..................................................................................................... 7 
 Alloying ...................................................................................................................... 8 
 Compaction ................................................................................................................ 9 
 Delubrication .............................................................................................................. 9 
 Sintering ................................................................................................................... 10 
 Secondary Operations .............................................................................................. 11 
3 FULL AND NEAR FULL DENSITY CONSOLIDATION PROCESSES ............... 13 
 Warm compaction .................................................................................................... 13 
 Warm die compaction .............................................................................................. 13 
 Double pressing - double sintering ........................................................................... 14 
 Cold isostatic pressing .............................................................................................. 14 
 High velocity compaction ........................................................................................ 14 
 Powder forging ......................................................................................................... 14 
 Liquid phase sintering .............................................................................................. 14 
 Hot pressing .............................................................................................................. 17 
 Spark plasma sintering ............................................................................................. 17 
 Additive manufacturing ............................................................................................ 17 
 Hot isostatic pressing ............................................................................................... 17 
4 FACTORS INFLUENCING DENSIFICATION AND ATTAINABLE 
PROPERTIES ........................................................................................................................ 21 
 Theoretical density of the powder mix ..................................................................... 21 
 Powder size and shape .............................................................................................. 21 
 Effect of the alloying elements ................................................................................. 22 
 Influence of density and porosity on the properties ................................................. 24 
 High-temperature sintering ...................................................................................... 25 
 Effect of surface oxides on the performance of PM steels ....................................... 26 
5 EXPERIMENTAL DETAILS ....................................................................................... 29 
 Materials and processes ............................................................................................ 29 
 Analytical techniques ............................................................................................... 32 
 Mechanical testing .................................................................................................... 35 
6 SUMMARY OF APPENDED PAPERS ....................................................................... 37 
 Influence of processing conditions on sintering of Cr-alloyed PM steels ................ 38 
 Effect of density on properties after sintering and powder-based HIP .................... 39 
 Oxide transformation during sintering and HIP ....................................................... 40 
viii 
 
 Approaches for reaching full density ....................................................................... 43 
7 CONCLUSIONS ............................................................................................................. 49 
 Studies of PM steel pre-alloyed with Cr .................................................................. 49 
 Full density consolidation processes ........................................................................ 49 
8 SUGGESTIONS FOR FUTURE WORK .................................................................... 51 
 Cold isostatic pressing and sintering ........................................................................ 51 
 Hot isostatic pressing ............................................................................................... 51 
9 ACKNOWLEDGEMENTS ........................................................................................... 53 
10 REFERENCES ............................................................................................................... 55 
 
 
  
 
1 
 
1 INTRODUCTION 
 Background 
Powder metallurgy (PM) as a manufacturing technology has progressed rapidly during the last 
century, with structural PM parts constituting a significant portion of the PM components 
produced globally [1]. In Europe as of 2017, ferrous PM accounts for the 80% of the PM parts 
produced by volume and the automotive sector continues to be the major consumer [2]. The 
main advantage of PM lies in its low energy consumption and the ability to form complex 
shaped parts in high volumes with low material wastage. In addition, 80% of the raw material 
used for manufacturing of water atomised powder is from the recycled scrap, which makes PM 
even more resource efficient and overall sustainable manufacturing process [3], [4]. 
 
Figure 1: Mechanical properties vs the relative density of PM steels achieved by means of 
different processes, redrawn from [5]. 
The typical density of the structural PM steels manufactured from water atomised powder is 
between 7.0 to 7.2 g/cm3, which is about 92% of the theoretical density and hence means around 
8% of residual porosity. Pores, thus being the inherent feature in PM steels, will adversely affect 
the properties, limiting its potential for high-performance applications. Therefore, increasing 
the relative density is a key to overcome the challenge, especially for high-performance 
applications (such as gears, transmission parts and engine components) where the parts require 
to endure heavy loading conditions. Hence, there is a persistent drive towards improved 
densification to enhance the resulting properties. Figure 1 summarises the effect of density on 
the mechanical properties, showing a significant increase with relative density. It also highlights 
the role of typical PM processes in realising different density levels. 
 Densification approaches  
Consolidation of metal powder to a final compact can be classified as a pressure-based, 
sintering-based and hybrid-based approaches [6]. Figure 2 summarizes the different methods 
connected to each approach. In order to achieve the intended densification, several approaches 
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can be utilised [7], [8]. All the listed approaches and processes in Figure 2 have their unique 
advantages and limitations. It is therefore essential to select the suitable process route for 
reaching full density according to the requirements of the specific application [3]. 
 
Die pressing 
Re-pressing 
Cold Isostatic Pressing 
 
Powder forging 
Hot pressing 
Spark Plasma Sintering 
Hot Isostatic Pressing 
 
 
Liquid phase sintering 
High-temperature sintering 
Figure 2: Different approaches for densification according to German [6]. 
To further assist in the process selection, Figure 3 maps the position of various technologies 
utilising metal powder in terms of mass range and economic batch size for manufacturing PM 
components. Processes such as press and sinter (P&S), powder forging (PF), and metal injection 
moulding (MIM) are suitable for high volume production. The P&S route is the most commonly 
used consolidation route and enables to form complex shaped components starting from a single 
pressing operation in high volumes. The PF allows full densification of parts with simple 
geometry, whereas MIM is the most suitable technology for manufacturing small-sized and 
complex-shaped components. In the case of PF there is usually prior P&S to set the preform for 
the forging step and MIM necessitates a final sintering stage to bring the material to required 
density.  
 
Figure 3: Position of various powder metal technologies based on the summary of data 
extracted from CES EduPack 2018 software [9], and other sources [1], [10], [11]. 
Additive manufacturing (AM), as a layer by layer approach, enfolds several technologies within 
its spectrum with the possibilities to manufacture a wide range of components in varying size 
and volume. Powder-based AM technologies represent a rapidly growing sector of powder 
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metallurgy, where powder bed fusion (PBF) (Laser-PBF and Electron beam-PBF), binder 
jetting (BJ) and direct energy deposition (DED) are the dominant ones. All these AM 
technologies allow for manufacturing complex shaped design which is otherwise not 
conceivable by traditional processing. They also typically cover low-size range and rather low 
manufacturing rate of the complex component in comparison to P&S and MIM, see Figure 3. 
Both isostatic processes, i.e., cold isostatic pressing (CIP) and hot isostatic pressing (HIP), are 
suitable for consolidating large-sized parts in a medium to small production rates. However, 
only simple geometries can be consolidated through CIP, whereas complex shapes can be 
attained through HIP. Note, however, that HIP is a single stage process in which the material is 
fully consolidated to full density from powder, while CIP is a shaping process like die pressing, 
which hence requires subsequent sintering or hot forming. The HIP as a post-processing 
operation is becoming widely accepted for MIM and AM components due to its benefit in 
removing the internal pores and defects, despite added cost. However, recent development in 
HIP technology has demonstrated that significant cost reduction is possible by integrating final 
heat treatment in the HIP process [12], [13].  
For the metal powder industry to remain competitive and progress continuously, it is important 
to have an advantage over other manufacturing processes such as casting, forging, and 
machining. Moreover, enhanced density levels will open up a wide range of new applications 
for PM steels where improved properties are required. This pushes the limits of the existing 
processing conditions at the different stages.  
 Aim and scope of the thesis 
The aim is to demonstrate how to achieve full density in PM steels by exploring various 
processes for selected materials. The scope of the thesis is hence divided into two parts: the 
development of processes and the tuning of materials for the selected processes. 
1.3.1 Processes 
The PM technologies utilised in this study, see Figure 4, which allows enhanced densification 
through existing processes, namely conventional die pressing followed by sintering, double 
pressing-double sintering (DPDS), cold isostatic pressing (CIP) followed by solid state 
sintering and liquid phase sintering (LPS). These processes enable  to reach density levels ≥95% 
after sintering, which ensures surface pore closure [14] and allows for full densification by 
subsequent capsule free hot isostatic pressing (HIP) [15]–[17].  
 
Figure 4: Process flow adopted in this study for full density consolidation. 
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From the process perspective, the main scope is thus to critically evaluate the various 
approaches to reach full density as well as to develop new hybrid routes based on the state-of-
the-art of the technologies applied. 
1.3.2 Materials 
In terms of the material investigated, the model materials used are the existing high-
performance alloys from the low alloy steel segment, namely PM steels pre-alloyed with Cr 
and Mo. 
1.3.2.1 PM steels pre-alloyed with Cr 
The PM steels pre-alloyed with Cr constitute a low-cost alternative with excellent sinter 
hardenability, though introduced two decades ago [18], yet poses challenges during both, 
compaction and sintering, owing to the affinity of Cr to form stable oxides. Hence, the critical 
aspect is to effectively reduce such oxides on the powder surfaces during the sintering and to 
enable the formation and growth of inter-particle necks, to create good inter-particle strength 
and ultimately also promote the achievement of higher sintered density. Even though the 
processing aspects are already addressed through several studies [19]–[23], it is still relevant 
for the current study as it is considered to be the benchmark of alloys owing to the oxygen 
sensitivity of Cr. The following research questions were framed from a scientific perspective to 
address the challenges involved in sintering high-density Cr-alloyed PM steels as given below: 
• What is the effect of  density and processing conditions on the development and strength 
of the inter-particle necks? 
• What are the oxide transformation mechanisms involved during different consolidation 
processes? 
• What consolidation route can be used to fully densify this type of material to the near-
net-shape components? 
1.3.2.2  PM steels pre-alloyed with Mo 
PM steels pre-alloyed with Mo are characterised by good compressibility and low sensitivity to 
oxygen uptake. Hence, the focus for this alloy grades was placed on two approaches to reach 
higher sintered density: liquid phase sintering (LPS) and double pressing-double sintering 
(DPDS).  
The presence of Mo in the base powder together with the boron is supposed to enhance the 
sintered density and properties owing to the liquid generation. In this study, the LPS approach 
is based on utilisation of boron-containing master alloy studied in collaboration with CEIT, 
Spain. The master-alloy was originally developed by CEIT [24], [25]. The aim of LPS in the 
case in question was not only to provide enhanced density but also to have an excellent 
dimensional control of the PM steel during the sintering. This is provided by the master-alloy 
system used thanks to the ability to form a surface-densified layer. Hence, the research question 
framed for this system was: 
• What is the role of boron-containing master alloy on the densification and how does it 
affect the process window? 
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The DPDS approach was initiated by Höganäs AB [26] with the aim to achieve high enough 
density level. Water atomised steel powder pre-alloyed with Mo is known for its excellent 
compressibility and the sintered material is typically used for case hardening applications. The 
good compressibility makes the Mo-alloyed grades ideal materials for the DPDS approach and 
the following research question was therefore phrased:  
• How to reach near-full density PM steel components with complex geometry through 
the tailored powder and DPDS process route?  
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2 THE POWDER METALLURGY PROCESS 
Powder metallurgy (PM) as an industrial process has grown rapidly within the last century, 
beginning with the development of cemented carbides, self-lubricating bearings and moving on 
to the structural ferrous parts [27]. The current focus is towards developing PM steels for high-
performance applications. 
 
Figure 5: Typical PM steel process flow considering press and sinter route. 
The PM process through press and sinter route is considered to be the most energy and material 
efficient technology for fabrication of the complex-shaped structural components in 
comparison to conventional processes such as casting, forging and machining [28], [29]. The 
other advantages are flexibility in alloy design and compositional control which are not possible 
by other methods. The typical PM steel process involves various stages, as seen in Figure 5. It 
begins with the powder production, followed by further alloying, compaction, sintering and 
post-processing. Each stage requires strict process control, starting from producing high-quality 
powder, the addition of further alloying elements and choosing an alloying method, effective 
lubricants and pressing method, control of sintering and the final required post-sintering 
operations.  
 Powder production 
Atomisation is the most common method for producing metal powder. During atomisation, a 
stream of molten metal is disintegrated by high-pressure water or inert gas injected through the 
nozzles at a high velocity. The liquid metal will disintegrate into fine droplets and solidify into 
metal particles with the shape and microstructure determined by the atomising medium and 
cooling rate. 
  
Figure 6: SEM micrographs showing typical powder morphology of water (a) and gas (b) 
atomised powder.  
 10µm  10µm 
(a) (b) 
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Water atomisation is used in case of low alloyed steel powder and gas atomisation is commonly 
used for manufacturing powder that is sensitive to oxidation such as high-alloyed steels, 
stainless steels, tool steels, superalloys, titanium and its alloys, etc. 
The powder morphology differs between the two methods in the sense that irregular and 
spherical shaped particles are obtained when water and gas are used, respectively. The 
characteristics of water atomised powder, see Figure 6 (a), being irregular in shape, is suitable 
for compaction since this shape helps in the better interlocking of the metal particles during and 
after pressing. This in fact contributes to the green strength of the part. Gas atomised powder 
has typically spherical shape, as shown in Figure 6 (b). Such powder therefore exhibits good 
flowability but cannot be compacted by means of uniaxial pressing. Water atomised powder is 
covered by a thicker oxide layer after atomisation and hence is subsequently annealed in 
reducing atmosphere after atomisation to remove oxides and to obtain good compressibility. 
After the annealing, the powder surface is covered by a thin oxide layer of the base metal with 
the presence of only low amount of oxide particulates. The thin oxide layer is ultimately the 
result of the powder handling in the air after annealing, while the stable oxide particulates being 
the remains from the annealing. Depending on the alloying elements present, the particulate 
surface features will have higher content of strong oxide formers accordingly. In the case of the 
gas atomised powder, an additional annealing procedure is not required as the powder possesses 
high purity after atomisation. It should be noted that for high alloy steel like stainless steel, 
there is no need for annealing of water atomised powder. 
 Alloying 
    
(a)  (b) (c) (d) 
Figure 7: Schematic illustration of differently alloyed powder (a) pre-alloyed (b) diffusion 
bonded (c) admixed and (d) agglomerated powder. 
2.2.1 Pre-alloying 
In the case of pre-alloying, the alloying elements are added to the molten metal during 
atomisation. This applies especially for elements like Cr, Mn etc., which have a greater affinity 
towards oxygen. For water atomised powder it is essential that the elements should provide 
limited solid solution strengthening so that compressibility is not affected. Pre-alloying enables 
the homogenous distribution of the alloying elements as indicated in Figure 7 (a), which results 
in dimensional stability after sintering.   
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2.2.2 Diffusion bonding 
Pure iron or pre-alloyed powder is mixed with a fine elemental powder of e.g. Ni, Cu, etc., and 
the mixture is heat-treated in a reducing atmosphere. The fine powder of alloying elements will 
bond to the base iron particles through diffusion, see Figure 7 (b). 
2.2.3 Admixing 
This is a flexible method of producing powder mixes by mixing iron/steel powder with the 
powder of required alloying elements. Generally, graphite, additives and lubricants are mixed 
in this way, see Figure 7 (c). 
2.2.4 Powder agglomeration 
The gas atomised powder is agglomerated using a binder to form agglomerates that look like 
irregularly shaped particles, as in Figure 7 (d), providing consolidation opportunity and green 
strength after pressing [30]. 
 Compaction 
Uniaxial compaction or die pressing is the most common method of consolidation in PM steels. 
Water atomised powder admixed with lubricant and graphite is filled in the die cavity and 
pressed by the axial movement of the punches [31]. The compaction pressure is typically 
between 400 to 1000 MPa. During the powder pressing, the metal particles will rearrange with 
the pressure exerted by the punches and interlocking occurs due to their irregular shape. 
Sometimes even cold welding of the particles can take place at high pressures. This gives the 
compacts sufficient green strength for further handling. After pressing there is a density gradient 
due to the differences in pressure distribution because of the moving punches and solid die. 
This density gradient is formed in the surface region along the compaction direction owing to 
the frictional resistance at die wall, while it is much less pronounced inside the compact.  
The typical compaction presses are either mechanical or hydraulic type with the multilevel 
punch movements. For the multilevel components (e.g. synchroniser hubs and oil pump gears) 
to have an uniform densification and to avoid variation in density among different sections, the 
punches move relative to one another with the help of platens according to the density 
requirements of different sections in the component [31]. The component size is limited by its 
weight and the aspect ratio (height to diameter ratio) since the ejection forces will be too high 
with the increased height, generating more friction. The final properties and dimensions of the 
obtained PM component depend heavily on the compaction. Other possible ways to overcome 
these issues and have high density after pressing [32]–[34] are addressed in Chapter 3. 
 Delubrication 
The additives, such as lubricants or binders, admixed before the compaction step must be 
removed entirely before sintering. In the case of the gaseous sintering process, delubrication is 
carried out in the zone before the sintering zone in a continuous sintering furnace. The typical 
temperature recommended for the delubrication of Cr-alloyed PM steels is 450 °C for 30 
minutes in a dry inert (e.g. nitrogen) atmosphere [23]. At this temperature, the powder 
characteristics remain unchanged after delubrication. The removal of the lubricant occurs in 
two stages: melting, and decomposition [23]. The parameters affecting delubrication are initial 
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density, heating rates, sample geometry, gas flow rate, temperature, and processing gas 
composition. Improper control of these parameters can adversely affect the final properties of 
the components after subsequent sintering. 
 Sintering 
Sintering imparts necessary strength to the component by creating bonding between the metal 
particles. Sintering is usually performed below the melting point at roughly 75-80% of the 
melting temperature. A typical powder particle will tend to have a larger specific surface area 
as compared to a solid material which contributes to the increased surface energy. The main 
driving force for sintering is to minimise the excess free energy by reducing the specific surface 
area, which is dominant for fine powders. In the case of solid-state sintering of PM steels 
utilising coarser powders, surface diffusion is dominant for the atoms to migrate through point 
of contact by forming inter-particle necks. Besides, the densification will happens only through 
the bulk transport of the atoms not through the surface diffusion of atoms. The inter-particle 
necks once formed are developed by the mass transport between the adjoining metal particles. 
The degree of sintering is determined by the number and strength of the established sinter necks. 
In addition, the formation and growth of inter-particle necks are enabled by early and efficient 
reduction of the surface oxides covering the powder particles [35], [36]. Sintering in reducing 
atmospheres removes the surface oxides. Admixed graphite also plays a vital part by reducing 
the oxides through direct and indirect carbothermal reduction mechanisms, especially during 
vacuum sintering, where the carbon is the primary reducing agent involved in the removal of 
the oxides. The following reactions takes place during sintering of water atomised PM steels: 
• Dissociation of oxides:   2
𝑦𝑦
𝑀𝑀𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦 = 2𝑥𝑥𝑦𝑦 𝑀𝑀𝑀𝑀 + 𝑂𝑂2                       (1) 
• Reduction by hydrogen (400 – 550°C):   2
𝑦𝑦
𝑀𝑀𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦 + 2𝐻𝐻2   →  2𝑥𝑥𝑦𝑦 𝑀𝑀𝑀𝑀 + 2𝐻𝐻2𝑂𝑂             (2) 
• Direct carbothermal reaction (~720°C):  𝑀𝑀𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦 +  𝑦𝑦𝑦𝑦   →  𝑥𝑥𝑀𝑀𝑀𝑀 + 𝑦𝑦𝑦𝑦𝑂𝑂                (3) 
• Indirect carbothermal reaction (>900°C):  𝑀𝑀𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦 +  𝑦𝑦𝑦𝑦𝑂𝑂   →  𝑥𝑥𝑀𝑀𝑀𝑀 + 𝑦𝑦𝑦𝑦𝑂𝑂2             (4) 
• Boudouard’s Equilibrium (~720 °C) 𝑦𝑦 + 𝑦𝑦𝑂𝑂2 ⇌ 2𝑦𝑦𝑂𝑂                 (5) 
 
In PM steels, endo-gas is the most commonly used sintering atmosphere as it provides necessary 
oxide reduction in case of easily-reducible iron oxide, followed by carbon restoration during 
cooling. When it comes to Cr-alloyed PM steels, hydrogen-containing atmospheres, typically 
N2-10%H2, are used as a processing atmosphere to assure efficient oxide reduction. Hence, the 
particular focus during sintering in nitrogen/hydrogen mixes should be placed on carbon control 
during sintering as it is vital to reach the required properties [37]. Studies on lean sintering 
atmospheres containing carbon monoxide have shown that the CO acts as both, reducing-
oxidising and carburising-decarburising agent [23]. This implies that the proper control of the 
atmosphere during sintering is critical for the robust PM steel processing and tailoring the 
required sintered properties. Apart from the solid state sintering, which mainly contributes to 
the strengthening of PM steel, liquid phase sintering (LPS) can be applied to improve 
densification without changing the requirements on compaction stage and hence minimising 
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demands on new equipment solutions for compaction. A section on LPS is given in detail in the 
Chapter 3. 
 Secondary Operations 
Following the sintering, the secondary operations involved very much depend on the part 
specific requirements that it has to fulfil. There are some operations, such as sizing or 
repressing, aiming to increase the density and retain the final dimensional tolerances. Heat 
treatments such as steam treatment, case hardening (carburising, nitriding, induction hardening, 
etc.) are performed to obtain the desired microstructure. Heat treatment processes are usually 
followed by tempering. Continuous sintering process offers another advantage of rapid cooling 
in the cooling zone after sintering with a cooling rate of ~ 2.5 to 5 °C/s, which allows for the 
component hardening. This is called sinter hardening as it combines sintering and hardening in 
a single process [38]. As mentioned above, all the secondary hardening processes can be 
avoided by sinter hardening. Tempering at 200 or 300 °C is performed to improve the toughness 
of the components, involving relieving the stresses induced during the hardening and the initial 
tempering of the martensitic microstructure. Optimised tempering temperature has shown to be 
important to avoid the dimensional instability associated with the PM steel components when 
utilised in an actual application [39], [40]. Depending on the requirements, other processes such 
as oil impregnation, machining, grinding, honing and lapping, can be applied as well. 
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3 FULL AND NEAR FULL DENSITY CONSOLIDATION 
PROCESSES 
For the continuous progress of the PM industry, the trend towards reaching higher relative 
density levels should be emphasised. In order to reach full density, the combination of pressure 
and temperature is basically necessary. Applying only compaction or sintering alone would not 
be feasible. The high-density processing approaches involved are as follows: 
• Warm compaction  
• Warm die compaction  
• Double pressing and double sintering (DPDS) 
• Cold isostatic pressing (CIP) 
• High-velocity compaction (HVC) 
• Powder forging (PF) 
• Liquid phase sintering (LPS) 
• Hot pressing (HP) 
• Spark plasma sintering (SPS) 
• Additive manufacturing (AM) 
• Hot isostatic pressing (HIP) 
Reaching high or full density in PM steels is usually associated with high costs as compared to 
the conventional die pressing. For example, the relative cost of producing a component through 
powder forging to reach full density is about 200% of the conventional die pressing [41]. In 
order to achieve increased densification, several approaches can be utilised, either as a 
standalone process or by combining several approaches [7], [8]. All the above-listed processes 
have their unique advantages and limitations and therefore it is essential to select the suitable 
process route for reaching a full density according to the specific application and its requirement 
[3]. 
 Warm compaction 
In this process, both the die and powder are preheated to a temperature of 130 – 150° C at which 
compaction is performed [42], and the density is increased by 0.1 to 0.25 g/cm3 compared to 
the cold die pressing [43]. Heating the powder to 150 °C from 25 °C slightly enables to reduce 
the compressive yield strength [44] and along with the optimised lubricant addition can provide 
a significant increase in density. This also allows for lower compaction pressures as compared 
to the cold die compaction.  
 Warm die compaction 
Unlike warm compaction, only the die is now heated, and the powder remains at room 
temperature. This procedure allows for an increase in productivity and a decrease in process 
costs. However, lower density levels are achieved in comparison with the warm compaction, 
and the typical part size is limited to less than 1 kg [42]. High-density levels of 7.45 g/cm3 can 
be reached by controlling the lubricant addition below 0.4 wt.% [45]. 
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 Double pressing-double sintering 
In this process, the component is pre-sintered after the first pressing, which aids in lubricant 
removal and material annealing. This helps in further densification during the second pressing 
stage. The component is pressed once again and sintered at high temperature to reach higher 
density. The pores remaining after removal of the lubricant will be eliminated to some extent 
during this process, which enhances the density by 3 to 4%. This enables to avoid the distortions 
and retain the required tolerances and dimensions after second sintering. This approach can be 
considered as a hybrid temperature/pressure-based densification process. Sintering at high 
temperature is performed after second pressing to fully develop the inter-particle necks and thus 
enhance the density. 
 Cold isostatic pressing 
In this process, uniform pressure is applied at room temperature through pressurising media 
like liquid or gas. It could be a wet bag or a dry bag process, depending on the moulds. In the 
wet bag process, a flexible rubber mould is filled with powder which is then sealed and 
evacuated. The mould with the powder inside is further placed directly in the cold isostatic 
pressing (CIP) chamber and exposed to the pressurising liquid. In the dry bag process, the 
flexible mould is fixed within the chamber and is filled with powder before each compaction 
cycle. The CIP is beneficial for consolidating large components by utilising flexible moulds at 
a lower cost; it also enables homogeneous density distribution without the need for lubricants. 
These features make CIP an attractive consolidation process [46] and reduce the distortions 
during sintering [3]. 
 High velocity compaction  
High velocity compaction (HVC) is suitable for reaching full densification and is up to 1000 
times faster than the conventional pressing. In this process, powder densification is achieved 
through the intense shock waves generated by striking at high velocity. This high energy can 
be utilised to impact the samples once or twice based on the machine capacity. The components 
are characterised by uniform density with lower ejection force and spring back [47]. However, 
this process allows compaction of only simple geometries. The amount of lubricant can be 
reduced or even eliminated in some cases [48].  
 Powder forging 
In this process, the compact either in green, pre-sintered or sintered state is hot forged into a 
final fully dense component [49]. The temperature at which the preform is heated in the case of 
ferrous material can be up to a maximum of 1200 °C [6]. Nearly all the automotive connecting 
rods, produced nowadays, are processed through powder forging to 100% density. The high 
productivity of 300 to 900 components per hour weighing between 0.1 to 5 kg can be achieved 
in powder forging [1]. 
 Liquid phase sintering 
Liquid phase sintered components account for ~70% of all the sintered goods in terms of cost, 
which includes high-speed steels, tool steels and especially hard metals [50]. Liquid phase 
sintering (LPS) is hence a well-known method to achieve densification through the addition of 
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low melting alloys or elemental powder that melts below the sintering temperature. Hence, the 
densification is assisted by liquid phase formation.  
 
 
 
Figure 8: Densification and swelling associated with relative solubility of solid and liquid (a) 
redrawn from [51], and stages during liquid phase sintering (b) redrawn from [52]. 
The LPS is employed mainly in the case of high-speed steels, tool steels and hard metals, for 
which the liquid phase formation is utilised for densification to its full potential. However, it is 
not a common approach for low alloy ferrous PM steel components. For ferrous PM, the liquid 
phase formers are added either in the form of elemental mix or as a master alloy. After the liquid 
generation, the compact either shrinks or expands, as can be seen in Figure 8 (a), according to 
the solubility of the base material in the liquid or the liquid in the base material. Hence, the 
solid solubility in liquid promotes densification, whereas the liquid solubility in solid results in 
swelling. Both mechanisms are dependent on the particle size, initial green density and sintering 
temperature. The initial powder size has a significant effect on the particles rearrangement 
during sintering. The irregular particles during the initial rearrangement will shrink rapidly as 
the contact between the particles is not perfect, and the liquid starts to fill the pores [52]. 
 
Figure 9: Wetting characteristics of the liquid on the solid surface showing the contact angle 
(a), and dihedral angle between solid-liquid interface with equilibrium surface energies (b)  
redrawn from [51]. 
The liquid phase sintering occurs in three stages after solid state sintering, through the initial 
particle rearrangement, intermediate solution-repreciptation and the final stage is through solid 
phase sintering, as shown in Figure 8 (b). During the LPS, the liquid once melted will spread 
(a) (b) 
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around the base metal particles as well as along the grain boundaries due to capillary forces 
which aids in the primary particle rearrangement that takes place in two stages: primary and 
secondary rearrangement. Having lower contact angle increases the liquid spreading due to the 
better wettability of the liquid resulting in densification. Whereas higher contact angle specifies 
poor wettability, resulting in swelling due to retreat of the liquid from the solid. Even addition 
of certain alloying elements will influence the wetting characteristics by altering the contact 
angle [53]. The relationship between the interfacial energy and the contact angle is illustrated 
in Figure 9 (a) and can be described by the equation (6):  
𝛾𝛾𝑆𝑆𝑆𝑆 = 𝛾𝛾𝑆𝑆𝑆𝑆 +  𝛾𝛾𝑆𝑆𝑆𝑆 cos 𝜃𝜃             – (6) 
The secondary rearrangement involves liquid penetration and clustering of powder particles, 
which is controlled by the dihedral angle formed along the grain boundary where it intersect 
the liquid, see Figure 9 (b). The liquid penetration in the grain boundary occurs when the 
dihedral angle approaches 0° by separating the grains, due to the relatively high ratio between 
the solid-solid and solid-liquid surface energy [51]. The relationship between the surface energy 
of the solid-solid and solid-liquid with the dihedral angle is indicated in Figure 9 (b) and given 
by equation (7): 
𝛾𝛾𝑆𝑆𝑆𝑆 = 2𝛾𝛾𝑆𝑆𝑆𝑆 cos �𝜑𝜑2�                – (7) 
In LPS, smaller the contact angle and dihedral angle are, the better is the resulting densification. 
The dihedral angle tends to change during sintering until its attains equilibrium with the 
interfacial energy after the interfacial reactions are completed [51]. After initial rearrangement, 
the solution-repreciptation takes place with the following three phenomena: grain growth, grain 
shape accommodation and densification. All these processes occur simultaneously. The 
densification during this stage is mainly due to the pore filling by the liquid. The final stage of 
sintering pertains to pore elimination, grain coarsening and strengthening of the inter-particle 
necks without significant densification. During this stage, pores are isolated and the 
densification is driven by the pore filling mechanism but at a much slower rate than the 
intermediate stage. These pores are fragmented as a result of entrapped gases which can be inert 
or soluble in the matrix. Full densification is possible provided the gas can diffuse through or 
is soluble in the matrix, otherwise it will impede the densification [51]. 
The major concern for the LPS sintered components is to have a controlled shrinkage in order 
to have predictable dimensions after sintering for mass production. The distortions are 
uncontrolled changes in dimensions which alters the shape and cannot be controlled during the 
sintering. The green density of the compact, the volume fraction of liquid in the system, and the 
liquid viscosity are the parameters known to influence the shrinkage. Having too much liquid 
volume fraction result in slumping after sintering, hence, the amount of the liquid phase can be 
estimated from their corresponding phase diagrams based on the alloying content and designed 
accordingly. Apart from that, the other influencing factors when it comes to applying LPS for 
fabrication are the amount of additives/master alloy, particle size, shape, internal powder 
porosity, powder chemistry,  homogeneity, green density, sintering conditions such as 
temperature, time, atmospheres,  heating and cooling rates [52]. Hence, the selection of the 
activator or the liquid phase forming additives is such that it does not extensively dissolve in 
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the base material for shrinkage to occur. The importance of the master alloy is discussed in the 
following subsection. 
3.7.1 Master alloys 
Introducing elements through master alloy addition to obtain a liquid phase at a temperature 
well below the sintering temperature is the primary approach. Master alloy additions to PM 
steels were studied by Zapf et al. [54] at the beginning of the ’70s using Mn-Cr-Mo additions, 
and they found that this gave better mechanical strength considering the very low addition of 
alloying elements. Master alloys in ferrous PM steels have then been widely studied using 
different alloying additions, mainly based on the phosphorus and boron compounds, which form 
eutectic at low temperatures. One critical consideration during sintering is the preservation of 
the dimensional stability of the component. For this reason, a tailored master alloy approach is 
well suited [55]–[57], and boron addition is of particular interest and is addressed in this thesis.  
 Hot pressing 
Hot pressing (HP) is one of the pressure-assisted sintering techniques, in which the powder is 
consolidated by the uniaxial pressing, while the die is also heated externally by the radiation 
from surrounding heating elements. The typical pressures that can be applied are between 25–
100 MPa and full densification is reached after holding at the sintering temperature [49]. The 
processing can be performed in vacuum conditions to avoid any contaminations. 
 Spark plasma sintering 
Spark plasma sintering (SPS), also known as field assisted sintering technique (FAST), is very 
similar to the HP, the only difference is in the heating system. The sample is heated by the Joule 
effect generated from the pulsed direct current applied through the die and a sample, which is 
conductive and allows for a high heating rate of 1000 °C/min [58]. However, the maximum 
pressure that can be applied is limited to 100 MPa due to the nature of the die, which is usually 
made of graphite. The SiC dies are used when higher pressures are employed, but this is 
associated with higher cost. The SPS allows for full densification of the components in a very 
short time, that is also restricting grain growth. 
 Additive manufacturing 
Additive manufacturing (AM) is a process where the component is fabricated from a 3D CAD 
model where the material is added layer by layer. The AM offers flexibility in manufacturing 
as components with complicated features and shapes can be manufactured without tooling and 
with lower material waste. The AM processes that utilise metal powder are classified into 
powder bed fusion (PBF), direct energy deposition (DED), binder jetting (BJ) and fused 
filament fabrication (FFF) processes. Both the PBF and DED processes involve melting of the 
powder, whereas the BJ and FFF process involves shaping them through binder addition and 
subsequent sintering to form the metallic bonds. 
 Hot isostatic pressing 
Hot isostatic pressing (HIP) is simply a heat treatment process under pressure, and the typical 
process involves simultaneous application of pressure and temperature to densify the material. 
The maximum pressure and temperature that can be reached are around 200 MPa and 2000 °C 
for most of the commercially available HIP presses. The pressure applied is homogenous which 
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allows for isotropic shrinkage and the dominant densification mechanism is through diffusional 
creep. At the end, there is however always normal diffusion to eliminate the last finite porosity. 
The main drivers and the applications are in nuclear, aerospace, oil and gas industries, where 
the demand for high-performance and safety requirements are extreme. HIP is also widely 
applied as a post-treatment process in the case of MIM and AM components. 
Figure 10 shows the illustration of the typical process that takes place within a HIP chamber, 
where usually argon is used as a pressurising medium. This process is used to eliminate pores 
and defects in castings, diffusion bonding of dissimilar metals, revive used jet engine parts, 
consolidate powder, densify metallic composites, infiltrate and densify powder-based 
components [59], [60]. In addition to reaching full density by eliminating the pores, the 
performances of the HIP components are improved significantly – for example, the scatter in 
the properties are reduced in castings and for powder-based HIP materials the mechanical 
properties are increased owing to the full density and refined homogenous microstructure 
without any segregation [61].  
 
Figure 10: Illustration of the HIP process. 
Powder consolidation through HIP involves preparation of capsules, powder filling, capsule 
sealing and removing the capsules, as shown in Figure 11 (a). The capsules are prepared to 
near-net shape or a preform of the final component. The powder is filled into the capsule which 
is made either from the same material as the powder or mild steel. The capsules are further 
evacuated, hermetically sealed and placed in the HIP chamber. After HIP, the powder is 
densified into a single piece of material through the combined mechanisms of yield, creep and 
diffusion. The capsules are removed after HIP, either through acid pickling or by machining, 
which is usually more time consuming and not economical for mass production. The main 
advantage of the powder-based HIP is the possibility to produce huge size components of 
several tonnages. In case of ingot metallurgy challenging to process alloys can be made by HIP 
[60].  
3.11.1 Capsule-free hot isostatic pressing 
Though the idea of performing capsule-free or container-less HIP has been proposed earlier 
[62], its potential for reaching full density in powder metallurgical steels is not fully exploited 
but is of enormous interest [15]–[17], [26], [63], [64]. Utilising capsule is economically viable 
only when it is used for large size components – more than 5 kg, and expensive component 
made of high alloyed powder such as tool steels, stainless steels, and superalloys. Hence, for 
smaller size and complex-shaped components required in high volume, the use of capsules is 
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not practically and economically viable for performing HIP. It has been estimated that just by 
avoiding the capsules, about 50 to 90% higher throughput can be realised [62]. In addition, 
recent developments in the HIP furnace system allows for combining rapid cooling and 
quenching. This reduces the HIP processing time and allows to avoid an additional heat-
treatment (HT) as that can be combined into a single HIP cycle [13], [65]–[67]. A recent 
investigation has revealed that performing a normalising treatment within the HIP can reduce 
the grain size which was coarsened during the HIP cycle [68]. In addition, cooling can be 
accelerated with the influence of pressure in the HIP furnace [67] and this can further prevent 
any distortions or cracks that may arise during rapid quenching by preventing the formation of 
brittle phases. Additionally, the possibility to perform vacuum sintering within the HIP furnace 
before the HIP cycle (sinter+HIP) [62] and then the post heat treatment (sinter+HIP+HT) 
provides an enormous potential for the development of fully dense PM steels in a single process. 
Capsule-free HIP for PM components is already applied for securing full density in the case of 
MIM and AM parts [69]. Usually, full density is not readily attained during sintering and a 
maximum of 98% can be achieved for a wide range of materials [62]. The pre-sintered parts 
with density >95% are necessary to maintain the pore closure on the surface for performing the 
capsule free HIP [6], [14]. Otherwise, the surface-open pores will not be closed after HIP, as 
observed in Figure 11 (b), and if the surface open pores are interconnected – it will not allow 
the material to densify.  
 
(a) 
                           
       
 
(b) 
 
 
Figure 11: A typical HIP capsule filled with powder and sealed (a), micrograph from the 
surface of the PM steel after capsule-free HIP (b).  
When it comes to the HIP of water atomised powder, the primary challenge originates from the 
oxygen present on the powder surface, which has to be reduced [70]. It should be noted though 
that the level of surface-bound oxygen for annealed water atomised steel powder is not a result 
of significantly thicker overall oxide thickness compared to that of gas atomised steel powder. 
It is merely a result of the much higher specific surface area owing to its more irregular shape. 
As it is known from the HIP of gas atomised powder, the presence of surface bound oxygen 
may result in the formation of fine oxide particles at the prior particle boundaries (PPBs). These 
sites may further grow in size or become the preferential sites for the precipitation of carbides 
and nitrides, which might influence the properties. The other challenge in powder-based HIP is 
the presence of Ar-induced pores that will apparently be reduced in size or closed during the 
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HIP, but tend to re-grow during the post-HIP heat treatment [71]–[73]. The reason being the 
fact that Ar is basically insoluble in metal. Another interesting phenomenon that occurs during 
the capsule-free HIP is the surface oxidation due to the interaction of processing gas (Ar) with 
the surface. The argon gas comprises a few ppm of oxygen and under high pressure it can lead 
to some  surface oxidation which can be seen as a discolouration [74]. When using a HIP-
capsule, this does not constitutes a drastic challenge as the capsule is removed, whereas the 
application of capsule-free HIP of course sets further demands on HIP atmosphere control. Even 
though there are several challenges, as outlined, the possibility of attaining full density in low 
alloyed PM steels in a robust and economically feasible way opens up a new area of the high-
performance applications where low alloy steel fabricated from water atomised powder is not 
yet applied. Moreover, the implementation of the several hybrid approaches as presented in this 
thesis study will enable the manufacturing of fully dense and large-sized components. 
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4 FACTORS INFLUENCING DENSIFICATION AND 
ATTAINABLE PROPERTIES 
In this chapter, the different factors that influence the densification and resulting properties after 
various stages of consolidation process are introduced and discussed. 
 Theoretical density of the powder mix 
The theoretical density or the pore free density (PFD) of the powder mix is calculated based on 
the specific density and percentage of individual constituents present in the premix, including 
lubricant, metal additives and graphite. To estimate the PFD of powder mix, containing 
lubricant and additions as, e.g., graphite and fine powder of alloying elements, the general 
equation (8) can be used:  
 
 
Where 𝑤𝑤𝑔𝑔 ,  𝑤𝑤𝑙𝑙   and 𝜌𝜌𝑔𝑔, 𝜌𝜌𝑙𝑙  represents the weight fraction and specific densities of the admixed 
graphite and lubricant, respectively. Whereas, 𝜌𝜌𝑏𝑏 is the specific density of base iron or steel 
powder. Let us consider steel powder pre-alloyed with 1.5 wt.% Mo (so-called Astaloy Mo), 
admixed with 0.6 wt.% lubricant and 0.2 wt.% of natural graphite. For this powder, the specific 
density 𝜌𝜌𝑏𝑏 is around 7.89 g/cm3, based on the pycnometer measurements. In this case, there 
seems to be no difference between the density of solid solution and that of individual mixtures, 
which fulfils Vegard’s law as confirmed by Wever and shown by Liersch et al. [75]. Theoretical 
calculations show that the powder mix with graphite and lubricant can be pressed or compacted 
to a maximum green density equal to the pore-free density level as shown in Table 1. 
Table 1: The maximum theoretical density of the powder mix calculated from equation 8. 
Powder Mix Maximum density, g/cm3 
Astaloy Mo+0.2 wt.% graphite 7.85 
Astaloy Mo+0.6 wt.% lubricant 7.58 
Astaloy Mo+0.2 wt.% graphite+ 0.6 wt.% lubricant 7.54 
In the green compacts, to avoid cracks and delamination after pressing, maximum 98% by 
weight of the PFD is recommended [8]. Hence, compaction pressure should be optimised for 
such density levels. In the case of Astaloy Mo with 0.2 wt.% graphite and 0.6 wt.% lubricant, 
the maximum density level of 7.4 g/cm3 is hence the optimum to avoid defects or failure after 
pressing.  
 Powder size and shape 
The size and shape of the powder have a significant impact on the powder packing 
characteristics by affecting the flow, packing and compressibility [76]. In the case of PM steels, 
utilising water atomised powder which is irregular in shape, the standard powder size fraction 
is between 20 and 180 µm [77]. Having such a wide particle size distribution enables the smaller 
particles to fill the voids in between the larger particle, which improves the powder packing 
density. Still, having narrow powder size distribution affects the compressibility due to the poor 
packing behaviour and results in lower green densities. Larger content of the smaller sized 
  1
𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑥𝑥
= 𝑤𝑤𝑔𝑔
𝜌𝜌𝑔𝑔
+ 𝑤𝑤𝑙𝑙
𝜌𝜌𝑙𝑙
+ �1 − 𝑤𝑤𝑔𝑔 − 𝑤𝑤𝑙𝑙
𝜌𝜌𝑏𝑏
� (8) 
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fraction creates more internal friction between the metal particles [76], which eventually 
requires a higher amount of energy to eject the compact from the die [43].  
The shape of the metal particles determines the resulting green strength, where the irregular 
powder morphology promotes enhanced green strength owing to the interlocking of the metal 
particles upon pressing. This behaviour is apparent for the sponge iron powder contributing to 
better green strength than that of the water atomised counterpart, even though it has poor 
packing characteristics. It is similar for the case of gas and water atomised powder, which are 
spherical and irregular in shape, respectively, as shown in Figure 6 (a & b), where the irregular 
morphology results in a better green strength, even though the compressibility is better for 
spherically shaped powder [43], [78].  
Having smaller powder size is expected to activate the sintering due to the excess free energy 
from the larger specific surface area. For the fine spherical powder between 1 to 20 µm being 
used in MIM applications, even if the initial solid loading is limited to around 60 vol% in the 
MIM stage, such powder size means that the material sinters to above 95% of the relative 
density [79]. 
 Effect of the alloying elements 
4.3.1 Compressibility 
The effect of the alloying elements on the compressibility has to be taken into account as well 
to achieve good densification. The solid solution strengthening is known to play a significant 
effect on powder hardness and hence influence powder compressibility. For example, pre-
alloyed powder depending on the effect of specific alloying element, require higher compaction 
pressures to achieve the same density level  due to the solution hardening of the ferrous particles 
(hardening of ferrite) by alloying elements. In addition, powder particle size distribution, 
presence of internal oxides and fine-grain powder microstructure also tends to affect the 
compressibility [43], in some cases even more than expected based on the solution hardening 
of ferrite.  
4.3.2 Role of boron during sintering 
In PM steels, boron is an attractive alloying element and is added in large quantity as compared 
to the wrought steels. It acts as a sintering enhancer and enables liquid phase formation and 
promotes densification [16]. Based on an initial investigation by Klein et al. [80], relative 
density levels of 99.7% were reached for carbonyl iron powder sintered with 0.97 wt.% of 
boron. According to Madan et al. [81], boron is a good sintering activator for iron, based on the 
electronic configuration, thermodynamic phase stability and grain boundary cohesion criteria. 
Boron addition enhances sintering by the eutectic reaction between Fe(γ) and Fe2B at 1175 °C, 
forming a liquid phase. Due to the unipolar solubility, iron will dissolve in the liquid and not 
the other way around as the boron has extremely low solubility in Fe. As a result, more liquid 
will be generated once the iron dissolves in the liquid, which will have a persistent character 
with an excellent wettability and a dihedral angle of less than 10° [82]. As a result of strong 
capillary action, the liquid will penetrate the particle boundaries and inter-particle regions with 
ease and finally impregnate into the grain boundaries. It causes the overall shrinkage by the 
primary and secondary rearrangement of metal particles, as illustrated in Figure 8 (a). The liquid 
phase will act as a short circuit path for iron diffusion, which eventually results in densification. 
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Recent studies have shown that by increasing boron content the density increases, which 
improves the strength and hardness but lowers the ductility [81], [83]. Selecká et al. [84] have 
shown that boron addition of up to 0.2 wt.% results in no significant increase in the density of 
Fe and Fe-Mo materials when sintered at 1200 °C for 60 min. There is a substantial increase in 
the density only when boron is added beyond 0.2 wt.%, which allows for more liquid phase 
formation. This also results in an increase in hardness due to the formation of a continuous 
boride network along the grain boundaries, which is extremely brittle. Boron is added either as 
an elemental powder, ferroboron or as a master alloy mix in a range of 0.01 to 1.2 wt.% of 
boron. The appropriate alloying method should be chosen to obtain the maximum utilisation of 
its liquid phase sintering effect. Even though the boron addition increases the density, several 
studies have shown the issue with the microstructural embrittlement that persists. [82]. Adding 
boron as a master alloy addition has been studied extensively for ferrous steel and stainless steel 
316L and the reports have shown enhanced densification in combination with high ductility and 
surface densification [24], [55], [57], [85], [86]. Studies have shown that the different alloying 
elements present in the steel have significant influence through various interactions with boron, 
especially with Mo, Cr, Ni, and C, and are discussed in the following subsections. 
4.3.2.1 Molybdenum 
Molybdenum as an alloying element is added to increase the hardenability and in PM steel it is 
usually pre-alloyed. Elemental boron to the Mo-alloyed PM steel lowers the liquid forming 
temperature and forms higher liquid volume fraction at the sintering temperature [87], [88]. 
Further, with the presence of 3.5 wt.% Mo, the liquid formation temperature shifts to a higher 
temperatures but increases the amount of liquid resulting in an enhanced densification [89]. 
Karwan et al. [90] has shown that with 1.5 wt.% Mo, the addition of boron content up to 0.2 
wt.% displays better ductility and beyond that embrittlement occurs through the formation of a 
hard phase.  
4.3.2.2 Nickel 
Nickel addition to PM steel has been of significant interest when it comes to the mechanical 
properties providing excellent strength and ductility suited for high-performance applications. 
In the ordinary steels containing boron, presence of Ni increases the boron diffusivity in γ-Fe  
similar to the behaviour of carbon in the presence of Ni [91]. Still, in the case of boron-
containing PM steels, only limited studies have been performed. Introducing boron in the 
presence of Ni have improved the strength and hardness without comprising the ductility when 
boron content is up to 0.05 wt.%, but no influence on the density was shown [92]. Moreover, 
when boron is introduced as a master alloy with Ni (Ni-Fe-B mix) to the Fe-C and Fe-Mo-C 
matrix, with the addition of up to 3 wt.% MA, this enhances the density by around 2.4% with 
well-developed sinter necks [93]. Recent investigations have shown that the Ni addition reduces 
liquid phase formation temperature and aids in densification without segregating to the borides 
[94], [95].  
4.3.2.3 Chromium 
Chromium addition in Fe is of significant interest to increase the hardenability and in PM steels 
it is usually pre-alloyed due to its higher oxygen affinity. In the case of stainless steels, when 
the Cr content is varied from 11.8 to 30 wt.%, the liquid phase formation is suppressed [86]. In 
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the case of ferrous PM, increasing the Cr from 1.5 to 3 wt.% improves densification [94] but 
shifts the LP formation to a higher temperature [96].  
4.3.2.4 Carbon 
Infiltration of iron-carbon compacts with different materials based on the Fe-B system 
(ferroboron) has been studied for making composites with very high hardness [97]. Addition of 
carbon exhibits the material embrittlement, forming complex borocarbides which are 
detrimental to the performance of the material. The impact energy falls to extremely low levels 
of impact energy values (< 10 J/cm2).  
 Influence of density and porosity on the properties  
Numerous studies have shown the influence of density on the properties of PM steel and it is a 
limiting factor for applications. Based on the summary and review of all the previous studies, 
Beiss et al. [98] have derived the following general empirical relation (9) to estimate the PM 
steel properties in relation to density: 
𝑃𝑃 = 𝑃𝑃0�𝜌𝜌 𝜌𝜌0� �𝑎𝑎  (9) 
where 𝑃𝑃 is the property of the PM material, 𝑃𝑃0 is the property of the pore free material, 𝜌𝜌 is the 
density of the PM material and 𝜌𝜌0 is the theoretical density of pore free state. The value of 
exponent 𝑚𝑚 depends on the measured property and the processing conditions. 
Having full density provides a significant advantage for enhancing the properties and the 
performance of the components. Also, Figure 1 summarises the effect of the density on the 
mechanical properties in dependence on different processes, showing an increase in all cases 
with increasing relative density. Numerous studies [7], [99]–[101] have shown the effect of 
increasing density on enhancing the PM steel properties. In the high-performance applications 
such as gears, fatigue properties play a crucial role, and even the presence of few inclusions 
tends to be detrimental for the performance of the gear wheels. Hence, the presence of the pores 
in the PM steels will have an unprecedented effect on the material properties as they result in 
stress concentration regions. Therefore, the major issue with PM steel is, of course, the pore 
characteristics, i.e., amount of pores, pore size, their distribution and morphology [102]. The 
higher the sintered density or smaller the pores size, the lower will be the effect on the fatigue 
properties.  
The strength of the PM material is related to the load bearing area that in turn is typically 
governed by the extent and characteristics of inter-particle necks. A model developed for 
predicting strength evolution considering the inter-particle neck size showed an excellent 
correlation with actual mechanical properties [103]. The neck formation starts with the inter-
particle contacts and grows with increase in temperature, forming a continuous network. 
Through diffusion, inter-particle necks are formed, and stronger necks denote better mechanical 
properties [104]. This kind of characteristics can be assessed using the analysis of the fracture 
surfaces of tested sintered specimens [104], [105]. Higher initial density promotes better contact 
between the metal particles, lowering the porosity and improves the load bearing capacity. 
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4.4.1 Open and closed porosity 
The open and interconnected pores are dominant when the porosity level exceeds 5%. They 
also have a more significant effect on mechanical properties than isolated and closed pores. 
This is due to the fact that the fatigue cracks initiate and grow through such pores and pore 
clusters [102]. While considering sintering to higher sintered densities, there is a concern when 
reaching porosity levels less than 5%, where the interconnected porosity practically ceases. This 
also means that gas transport inside the sintered part is limited and hence there is a risk of not 
reducing the surface oxides. Pores are the essential features for the efficient removal of products 
of lubricant decomposition and enable the escape of gaseous products (like water vapour) 
during the early reduction of iron oxide, required for the formation of inter-particle necks. When 
it comes to corrosion resistance, the presence of open pores at the surface tends to be a concern 
as well. The post-sintering heat treatment of PM parts like carburising or carbo-nitriding when 
carried out in the presence of open or interconnected pores results in deeper penetration of 
active gas, forming inconsistent case depths [106].  
4.4.2 Functional aspects of pores  
Another exciting aspect of the PM components is its ability to trap the lubricants owing to 
characteristic pores that provide improved frictional and wear properties [107]. Studies have 
shown the influence of the pore size in case of mating gears [108]. With the presence of larger 
pores in PM gear surfaces, damage due to scuffing and peeling occurred on the mating surfaces. 
Hence, it was recommended to have smaller pore size when using PM gears for best 
performance. Studies have also shown that having smaller average pore size of around 12 µm 
tends to increase the toughness of the PM steel by almost 25% [109]. To improve the fatigue 
properties of PM gears, considering tooth root failure, selective densification of gear sections 
and surfaces such as tooth and the flank have been employed. It was shown that gear rolling or 
surface rolling can be used to increase the load bearing capacity leading to surface densification 
of the PM gears [110]. This, in turn, improves the fatigue properties that becomes almost similar 
to the wrought material. The advantage of the PM gears is their ability to reduce the noise during 
operation which improves the noise vibration harshness (NVH) parameter.  
 High-temperature sintering 
In terms of press and sinter, the final dimensions are usually fixed in the compaction stage itself 
and the distortions that arise from sintering are within the tolerance limit. This is because the 
sintering occurs in the solid state only to impart strength through the formation of metallic 
bonds. Densification of up to 1% is achieved when sintered at a high temperature > 1200 °C or 
in the case of liquid phase sintering, where the density is enhanced significantly. Haynes et al. 
[111] have shown how the properties of the sintered compacts made of pure iron powder vary 
with sintering at low and high temperatures. The results indicate that compacts made of pure 
iron powder at fixed density exhibit better mechanical properties either with increasing sintering 
time or temperature. This is supposed to be a result of the reduced stress concentration owing 
to the rounding of pores. Sintering at around 1120 °C is a standard industry practice for the 
majority of PM components. The reasons being that industrial belt furnaces are limited in 
application to around such a temperature, while there is also a concern not to apply too high 
temperature to maintain proper tolerance control of sintered parts. 
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Figure 12: Optical micrograph of Cr-alloyed PM steel sintered at 1120 °C (a) and 1250 °C (b) 
in N2/10H2 atmosphere starting with a same green density of 6.8 g/cm3. 
The higher the temperature, the higher is the diffusion rate, which eventually results in an 
increased bonding and hence forming stronger inter-particle necks. This will result in an 
significant increase in strength of the PM steels [21], [112]–[114]. At higher temperatures, 
lattice diffusion also becomes significantly improved and this plays a major role in alloy 
homogenisation, which is essential in particular for the case of admixed and diffusion alloyed 
PM steels. Sintering at higher temperature is also beneficial for more efficient oxide reduction 
since the equilibrium for oxide reduction is shifted to higher oxygen partial pressures with 
increasing temperature. This fact is of particular importance in case of PM steels containing 
alloying elements like Cr, Mn, and Si, all prone to form stable oxides. Another important effect 
of the high-temperature sintering is the rounding of the pores compared to the conventional 
sintering temperature, see for example Figure 12 (a & b), and well developed inter-particle 
necks, which results in a significant improvement in the strength, especially fatigue properties 
of PM components [115]. The drawback with high-temperature sintering may be that there is 
some marginal shrinkage during sintering and hence dimensional control could be affected. At 
high temperatures, the reduction is governed by the carbothermal reduction processes via the 
initial presence of admixed graphite. Therefore, to enable the effective reduction, it is important 
that the necessary microclimate conditions are created early during the sintering. Sintering in 
vacuum at elevated temperatures is an another alternative to consider for large components with 
high densities [116], [117].  
 Effect of surface oxides on the performance of PM steels 
Typical water atomised iron or steel powder, due to their much higher specific surface area for 
a given particle size, will have higher oxygen content as compared to that of gas atomised 
powder. Oxygen content in the water atomised powder is determined by the alloy composition 
and post-atomisation annealing process applied. In the case of Cr-pre-alloyed powder, powder 
surface is covered by a homogenous iron oxide layer with the thickness of 6 to 7 nm or even 
smaller and islands of oxide particulates rich in Cr, Mn, and Si [23], [35], [36]. The surface iron 
oxide layer covers more than 90% of the powder surface [118] which accounts for about half 
the amount of total oxygen content. In addition to the initial bulk oxygen content of the powder, 
there is a risk of further oxidation, mostly from the powder handling and improper atmospheric 
control during sintering [119]. Still, the key aspect is the much higher specific surface area and 
(a) (b) 
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not the oxide thickness of the water atomised powder which is of same order of magnitude as 
in case of gas atomised powder.  
As discussed earlier, the formation and growth of the necks determine the strength of the PM 
steels. Therefore, the oxides on the powder surface need to be reduced during the sintering 
process to enable early formation of inter-particle necks [120]. If the surface oxides are not 
reduced at an early stage during sintering, they will transform to more stable oxides, and 
eventually coarsen at the expense of sintering temperature and time [121], [122]. Hence, there 
will be particulate oxides at the necks that may inhibit the development of good inter-particle 
bonding [123], which in turn adversely affects the mechanical properties [36].  
In addition to the sintered steels, the studies of powder-based HIP of stainless steels have shown 
that there is a significant influence of oxygen content on the mechanical properties, mainly on 
the impact energy values [124]–[126]. Crucial is the fact that the surface oxide on powder 
particles always constitute a source for the decoration of oxide particles on prior particle 
boundaries (PPBs), which in turn affects the mechanical behaviour of the material after HIP 
[127]. Furthermore, the initial Fe-rich surface oxide can transform to more stable oxides [70], 
[128]. Depending on amount of surface oxide, the amount and distribution of oxide particulates 
on the PPBs will also be triggered resulting in reduced toughness. This is confirmed by lower 
impact values as the PPB regions allow fracture to easily propagate [127], [129]. 
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5 EXPERIMENTAL DETAILS 
 Materials and processes 
Water atomised iron and steel powder grades, produced by Höganäs AB, were investigated 
within the scope of several studies. The chemical compositions of the studied water atomised 
powder grades are given in Table 2. The composition of the gas atomised Ni-Mn-B master alloy 
powder, developed by CEIT, Spain [24], [25] and produced by Höganäs AB, is also given in 
Table 3.  
Table 2: Chemical composition of the water atomised powder grades in wt.%. 
Powder base Commercial name Fe Cr Mo C O 
Cr pre-alloyed Astaloy CrA Bal. 1.8 - <0.01 0.15 Astaloy CrM Bal. 3 0.5 <0.01 0.15 
Pure Iron ASC100.29 Bal. - - < 0.01 0.08 
Mo pre-alloyed X-Astaloy0.45Mo Bal. - 0.45   Astaloy Mo Bal. - 1.5 <0.01 0.07 
 
Table 3: Chemical composition of Ni-Mn-B master alloy powder in wt.%. 
Master alloy Ni Mn B N C O S 
Ni-Mn-B 46.00 46.10 7.90 0.001 0.075 0.025 0.004 
 
The experimental matrix is summarised in Table 4, where the powder mixes being used are 
presented and the various type of specimens with different initial compacted densities and 
subsequent sintering conditions being used are shown as well. The powder mixes were admixed 
with lubricant, typically 0.6 wt.% of Kenolube and in some cases Lube E were used. 
5.1.1 Compaction  
Cold die compaction was used for consolidating powder to density levels of between 6.8 to 7.3 
g/cm3, with typical pressure being applied in the range of 550 MPa to 800 MPa. In the case of 
the double press-double sintering, the density of 7.5 g/cm3 was reached from the initial density 
of 7.2 g/cm3 by pressing at 800 MPa. This is mainly due to the remaining volume from the 
removal of lubricant after first sintering and annealing of the compact and hence softening the 
material, which assists significantly to the further compaction stage.  
5.1.2 Delubrication 
All the delubrication trails were performed at 450 °C in a dry nitrogen atmosphere in the 
laboratory tube furnace Entech with a dewpoint of -45 °C. In case of the industrial sintering 
trails, the de-lubrication was performed in the continuous furnace in the delubrication zone. In 
the case of double pressing-double sintering approach, the delubrication is performed during 
the same stage as specimens annealing that was done at 800 °C for 30 minutes in nitrogen, to 
relieve the stresses and anneal the material before the second stage of compaction..  
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5.1.3 Cold isostatic pressing 
For the CIP trails, silicone rubber tubes of 19 mm in diameter and 27 mm height were used as 
mould, which was sealed at both the ends with a graphite sealant. After powder filling and 
sealing, the moulds were vacuum sealed in a polythene bag, as this not only evacuates the air 
but also avoids the pressurising medium (water or oil) in contact with the mould. All the CIP 
trails were performed at Quintus Technologies AB, Sweden, utilising a Q170 wet bag CIP press, 
having maximum capacity of 1200 MPa with a pressure uniformity of ±1 MPa at steady state 
conditions. The size of the CIP chamber is such that eight moulds of the above-specified 
dimension can be pressed in each cycle. The pressure was between 100 to 800 MPa for all the 
studies, with a hold time of 120 seconds per cycle. 
5.1.4 Sintering 
Sintering trails were performed in a laboratory tube (quartz) furnace Entech at 1120 °C using 
90% N2/10% H2 with a dewpoint of around -50 °C. All the liquid phase sintering trails were 
performed in dilatometer DIL 402C from Netzsch in Ar/50%H2 atmosphere at a temperature of 
1240 °C. In the case of vacuum sintering, the different levels of vacuum (10-4, 10-2, 1, and 10 
mbar) were used in the same dilatometer at 1120 °C and 1250 °C. All the industrial sintering 
trials were performed at Höganäs AB using the continuous sintering furnace at 1120 °C and in 
some cases case followed by sinter hardening during cooling with a typical cooling rate of 3 – 
5 °C/s. High-temperature sintering was also performed in the batch furnace in N2/10H2 at 1250 
°C. All the vacuum sintering trials were performed using an ECM furnace at ~ 0.1 mbar, 
followed by forced cooling with a cooling rate of 4 °C/s. 
5.1.5 Hot isostatic pressing 
In the case of powder-based HIP, Cr-alloyed steel powder (Astaloy CrM) with and without 
graphite was encapsulated in a mild steel capsule of 70 mm in diameter and 120 mm height 
using electron beam welding under high vacuum at Forschungszentrum Jülich GmbH. The HIP 
cycle was performed utilising a QIH-9 URQ from Quintus Technologies AB, Sweden, at a 
facility in Ruhr-Universität Bochum. In addition, capsule free HIP trails were performed at 
Quintus Technologies AB in Västerås utilising QIH-21 HIP. The HIP cycles used for all the 
approaches included a HIP temperature of 1150 °C and 2 hours of holding time with an argon 
gas pressure of 100 MPa, followed by natural cooling. 
5.1.6 Heat treatment 
In order to correlate the properties of the sintered and the HIP specimens, a combined heat 
treatment was performed by heating to 960 °C in ~ 0.1 mbar of vacuum and cooling down at a 
rate of ~4 °C/s. Tempering of the samples after sintering and heat treatment was performed at 
200 °C in air for 1 hour unless specified otherwise. 
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 Analytical techniques 
5.2.1 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis 
(ESCA) is a surface sensitive analytical technique, where the sample in ultra-high vacuum will 
eject the characteristic photoelectrons from the core shells of the atom once irradiated with the 
soft X-rays as given in Figure 13. The measured property is the kinetic energy of the emitted 
photoelectrons which can then be related to the characteristic binding energy and correlated to 
the element of interest, according to equation 10. The survey spectrum indicates the presence 
of elements within the analysed area. The high-resolution scan at the selected energy region at 
different etch depths provides the chemical states of the element, its distribution at different 
depths and also allows quantification of the surface chemical composition [130]. 
 
Figure 13: Schematics of the XPS principle, redrawn from [130]. 
𝐾𝐾𝐾𝐾 = ℎ𝑣𝑣 − 𝐵𝐵𝐾𝐾 − ∅𝑠𝑠                (10)        
Equation (10) gives the kinetic energy of the emitted electron, where ℎ𝑣𝑣 is the X-ray photon 
energy, BE is the binding energy and ∅𝑆𝑆 is the spectrometer work function. The binding energy 
is regarded as the ionization energy of an atom for the particular shell. Usually, ionization 
occurs to a depth of a few µm, however, only those electrons from the depth of tens of angstroms 
below the surface can leave the shell without the loss of energy. These electrons contribute to 
the peaks in the spectra. They are detected according to their kinetic energy by the electron 
spectrometer. In this study, XPS analysis was performed on the fracture surfaces using a PHI 
5500 instrument using AlKα (ℎ𝑣𝑣 = 1486.6 eV) source on an area of roughly 0.8 mm in 
diameter. Both, the survey and high resolution scans were captured for the selected elements, 
combined with the compositional depth profiling to the following nominal etch depths of 1, 3, 
5, 7.5, 10, and 20 nm using Ar ion etching. For the calibration of the depth profiling, Ta2O5 foil 
with the known thickness of Ta2O5 oxide was used and hence the etch depths refer to Ta2O5 
units.  
5.2.2 Scanning electron microscopy 
As the resolution of the optical microscope is limited by the wavelength of the light, for high-
resolution imaging scanning electron microscopy (SEM) is necessary. Hence, this is one of the 
most common analysis tools used for material investigations. The principle of operation is based 
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on the scattering of electrons (elastic or inelastic) when the electron beam from the source (e.g., 
W, LaB6 or FEG) interacts with the material. The information obtained is defined by the 
interaction volume that is determined by the accelerating voltage. For topographic information, 
secondary electrons (SE), which originate from the surface due to the inelastic scattering were 
used. For the elemental contrast between different elements or phases, the backscattered 
electrons (BSE) are used. Apart from imaging, the characteristic X-rays emitted from the 
material upon interaction with the electron beam, allows for both qualitative and semi-
quantitative chemical analysis, using the energy dispersive spectroscopy (EDS). Information is 
obtained from the very top surface of the sample (a couple of microns) and to detect the lighter 
elements (like B, C, N, O, etc.), the low accelerating voltage might be of interest. In the case of 
high-resolution imaging, small working distances are also advised. In this study, Leo Gemini 
1550 FEG instrument for high-resolution imaging is used for microstructural analysis in 
combination with the X-MAX EDX detector and Aztec software for chemical analysis. 
Qualitative and semi-quantitative chemical analysis was performed by point analysis and the 
elemental distribution was analysed by means of line scan and mapping. The fractographic 
investigations were conducted using Inlens and SE detectors with the accelerating voltage of 
10 – 20 keV.  
5.2.3 Thermal analysis 
5.2.3.1 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is a thermo-analytical technique which measures heat 
flow between the sample and reference material in a controlled temperature profile. Alumina 
crucibles with lids were used in this study: one for the samples and one as an empty crucible to 
record the difference in the heat flow. The energy absorbed or released associated with specific 
phase change such as crystallisation, melting and phase transformations are measured to 
determine the phase transformation temperatures and the specific heat capacity of the material.  
In this study, simultaneous thermal analyser STA 449 F1 Jupiter® from Netzsch was used with 
the DSC sensor, which allows both, calorimetric and thermogravimetric measurements in a 
single run. All the trails were performed using high purity Ar gas atmosphere with heating and 
cooling rates of 10 °C/min.  
5.2.3.2 Dilatometry 
The thermal expansion or shrinkage associated with the phase transformations can be 
determined using the dilatometer by accurately measuring the dimensional change during a 
controlled temperature profile. As the sintered properties are affected by the heating and cooling 
rate, it is essential to have a controlled process to simulate the actual conditions here. The 
DIL402C horizontal pushrod dilatometer from Netzsch equipped with W-Re thermocouple that 
can be used for reducing and inert atmospheres was applied in this study. The dilatometer was 
equipped with vacuum-tight SiC furnace and is connected to the rotary and turbopump that 
allows performing sintering in vacuum of down to 10-5 mbar. It is possible to have an excellent 
atmosphere control and flexibility to change the atmosphere during the process with the help of 
a mass flow controller.  
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The sample is placed in the alumina sample holder and the push rod is pushed against the sample 
with a minimum force of 25 cN. The push rod is connected to the transducer that converts the 
linear displacement into electrical signals with a resolution of up to 0.125 nm or 1.25 nm, 
depending on the measurement range. Before starting the experiment, the dilatometer was 
evacuated and further flushed three times using high purity Ar gas and the program was set to 
begin with the appropriate atmosphere.  
5.2.4 Chemical analysis 
The bulk oxygen and carbon contents of the sintered materials were determined using LECO 
instruments of TC-600 and TC-844 type at Höganäs AB. The oxygen analysis was carried by 
heating the sample in a graphite crucible under the flow of helium gas. During heating, the 
oxygen from the sample will interact with carbon from the crucible, resulting in release of CO 
and CO2 gas species, which are further captured by the IR detectors to determine the amount of 
oxygen content. For the carbon analysis, the sample is combusted in an induction furnace under 
the flow of oxygen, and the carbon from the sample will react with the oxygen forming CO and 
CO2 gas species, which are again captured by the IR detector to determine the bulk carbon 
content.  
5.2.5 Density measurements 
Density measurements were done according to the Archimedes principle (ISO 3369). This was 
done by measuring the weight of the sample in the air first and measuring the weight of the 
sample in water using a special set up. The density of the sample was calculated according to 
the following equation (11): 
𝜌𝜌 = 𝑎𝑎𝑎𝑎×𝜌𝜌𝑤𝑤
𝑎𝑎𝑎𝑎−𝑎𝑎𝑤𝑤
  (in g/cm3)  (11) 
Where 𝑚𝑚𝑎𝑎 and 𝑚𝑚𝑤𝑤 are the masses of the sample in air and water in gram and 𝜌𝜌𝑤𝑤 is the density 
of water (1 g/cm3). The samples were impregnated with paraffin wax to seal the open pores. 
5.2.6 Gas pycnometry 
Measurement by gas pycnometer provides the true density or the absolute density of the 
material utilising He or N2 gas as the displacement medium. Helium is preferred mostly due to 
its ideal gas behaviour and has smaller molecular size. It can penetrate the smaller pores which 
are otherwise impregnable using water for example. In this study, He-pycnometer 
measurements were performed using an AccuPycII 1340 He-pycnometer at Höganäs AB. The 
analysis provides the pycnometer density value, which gives the amount of closed porosity and 
by subtracting it from the total porosity measured from the density after water displacement 
method, the amount of open pores was obtained. 
5.2.7 Light optical microscopy 
The light optical microscope is a basic yet powerful tool in the field of materials science. As 
the light source illuminates the surface of a sample, the reflected light is collected through the 
lenses forming the image. The digital camera can capture this image for further analysis. The 
image resolution is limited by the wavelength of the light and numerical aperture of the 
objective. In this thesis study, Leitz DMRX microscope equipped with a Zeiss digital camera 
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and AxioVision software for analysis is used. All the metallographic samples were polished 
and etched using 2 vol.% nital solution (2% of HNO3 in ethanol) to reveal the microstructure 
under the light optical microscope. Porosity analysis was performed using ImageJ software on 
the as polished optical micrographs taken at 200x magnification. 
 Mechanical testing 
All the mechanical testing trials were performed according to the PM standards. Impact testing 
was performed on IE bars prepared according to ISO 5754 to evaluate the impact energy values. 
Tensile testing was performed according to the ISO 2740 standard to assess the tensile strength, 
yield strength and the ductility. The analyses were performed on approximately 7 to 10 samples 
for each test unless otherwise specified. All the hardness measurements were done according 
to the PM steel standard ISO 6507-1. The apparent hardness measurements were carried using 
Wolpert Dia Tester with 10 kg. The micro-hardness was measured using Shimadzu HMV-2000 
and loads used were typically between 50 to 100 g. When it comes to PM steel, the macro-
hardness value measured is the apparent hardness, since it combines influence from both the 
bulk material characteristics and the inherent pores. When it comes to micro-hardness, the 
hardness of the individual grain, phase or particle is measured.  
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6 SUMMARY OF APPENDED PAPERS 
Figure 14 summarises the approaches included in this thesis based on the appended papers 
(Paper I –VII) and categorises them into results for Cr-pre-alloyed and Mo-pre-alloyed PM 
steels, respectively. The main scope is to address the critical aspects involved during the 
processing of PM steels by utilising water atomised powder to reach full densification.  
 
Figure 14: Summary of studied approaches based on the appended papers. 
In this thesis study, to analyse the sintering behaviour of high-density PM steels in different 
sintering conditions, the effectiveness of sintering in different processing conditions: sintering 
temperature and atmospheres were investigated (Papers I and II). Besides, the mechanical 
behaviour was also analysed for the samples pressed to different initial densities (Papers I and 
II). The oxide transformation was analysed during sintering in the hydrogen-containing 
atmosphere (Paper III). The mechanisms involved in the oxide transformation during sintering 
and consolidation via powder HIP approach using encapsulation were also addressed (Paper I). 
All the studies on oxide transformation (Papers I, II, and III) provided the necessary background 
and addressed the challenges encountered in consolidating Cr-pre-alloyed PM steels. These 
results form the basis for full density consolidation via the following CIPSinterCapsule 
free HIP approach (Paper IV). When it comes to Mo-alloyed powder, the liquid phase sintering 
utilising boron-containing master alloy is adopted to enhance the densification during sintering 
(Paper V) followed by capsule-free HIP (Paper VI) to reach full density. Paper VII contains the 
study on double pressing-double sintering (DPDS) approach to achieve high-density levels 
above 95% followed by capsule-free HIP for attaining full density. All the approaches which 
are mentioned in the appended papers are intended for achieving high enough density to enable 
surface pore closure during sintering, whereby capsule-free HIP can be applied to achieve full 
density.  
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 Influence of processing conditions on sintering of Cr-alloyed PM steels 
Sintering of Cr-alloyed steel samples in different processing conditions with special focus on 
sintering atmosphere and temperature utilising different density samples, are discussed in this 
section.  
6.1.1 Hydrogen containing atmosphere 
Sintering in hydrogen containing atmosphere is the most common practice in case of PM steels 
sensitive to oxygen, where reduction of the Fe-oxide takes place at a lower temperature around 
450 to 550 °C. This early reduction enables formation and growth of inter-particle necks which 
are crucial for the properties of the PM steels. By utilising hydrogen in the early stage of 
sintering in reducing the iron oxides, the amount of carbon loss can be minimised and better 
carbon control can be established. The reducing ability of the atmosphere sintering is limited 
by the ability to penetrate the compact during sintering, which is influenced by the compact 
density being used. The higher the initial green density, the lower the atmospheric penetration 
into the component, especially when it comes to the removal of the reaction products from the 
pores inside massive components.  
6.1.2 Effect of different vacuum levels 
The initial investigation on the role of different levels of vacuum (10-4, 10-2, 1, and 10 mbar) 
during sintering in the lab environment (Paper II) showed that irrespective of the vacuum levels, 
the sintering is effective when performed at 1250 °C. The initial oxygen content of the base 
powder was about 0.15 wt.%, whereas sintering in different vacuum levels revealed almost 
complete oxide reduction for all the conditions with final oxygen content of less than 0.02 wt.%. 
The dominant reduction mechanism is through the carbothermal reaction, where the added 
graphite plays a major role during the vacuum sintering. This results in the carbon loss between 
0.05 to 0.1 wt.% in dependence on the alloy system, vacuum level and sintering temperature. 
Hence, sintering in vacuum could be an alternative for atmospheric sintering providing the 
alternative in terms of reduction by forming local reducing conditions within the compact – 
“microclimate”. However, sintering in high vacuum levels lead to sublimation of Fe and Cr 
from the matrix and depositions on the furnace walls [117]. Nonetheless, such high vacuum 
levels are not feasible for sintering in an industrial furnaces. Hence, the trails were performed 
at vacuum levels of 1 mbar and 10 mbar. The samples with two different densities and carbon 
content were sintered at 1120 °C and 1250 °C and the mechanical properties and chemical 
compositions were evaluated. The results show that the irrespective of the vacuum level the 
sintering is effective in reducing the oxides up to 0.02 wt.% especially at high sintering 
temperatures, with significant improvement in properties. 
6.1.3 Sintering temperature  
Sintering temperature has a significant impact on the oxide reduction, porosity and the resulting 
mechanical properties. About 30 to 50% of the initial oxygen is reduced when sintering at 1120 
°C, see Figure 15 (a). Sintering at 1250 °C reduces up to 70 to 80% of oxygen content compared 
to the initial amount of 0.15 wt.%. Hence, it is clear that increasing the sintering temperature 
from 1120 to 1250 °C has the most relevant effect on the oxygen content reduction, irrespective 
of the carbon content and density level. Sintering at a higher temperature contributes to more 
carbon loss as carbon is the only reducing agent in case of vacuum sintering. Hence, this must 
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be considered during initial design of the powder mix. Pores tend to transform from from open 
to closed and get more rounded. Hence, there is a slight increase in densification but there is 
more significant improvement in the properties.  
 
Figure 15: Chemical analysis of the sintered and HIP samples: carbon (a) and oxygen (b) 
content [Paper I]. 
6.1.4 Density 
Increasing the density levels reduces the interaction with the sintering atmosphere due to the 
limited amount of open and interconnected pores. By investigating the samples with the 
different densities, the higher density samples exhibited slightly higher carbon loss than the 
lower density samples, see Figure 15 (b). The role of carbon is quite significant at higher 
sintering temperature, which reduces the oxyen content to as low as 0.02 wt.%. In general, it 
can be interpreted that for the high-density samples, higher sintering temperature is needed for 
either sintering in vacuum or in hydrogen-containing atmospheres, with the controlled graphite 
addition to compensate for the carbon loss during sintering. 
 Effect of density on properties after sintering and powder-based HIP 
 
Figure 16: Density vs tensile strength (a), and effect of density on properties (b) [Paper I]. 
In Paper I, the samples with higher Cr content were utilised to understand the impact of sintering 
in different conditions, at different temperature and atmospheres, using samples with a different 
initial densities varying between 6.8 to 7.3 g/cm3 see Figure 16 (a). To achieve the equivalent 
material properties after sintering, the initial graphite addition is varied to account for the carbon 
loss that happens during sintering so that that final carbon content can reach a nominal amount 
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of ~ 0.4 wt.%. The relation between density and properties is apparent as seen in Figure 16 (b), 
in which the mechanical properties are increasing significantly with the density. Powder-based 
HIP approach was also used alone to attain a fully dense PM steel as a standard reference for 
predicating the properties in the intermediate density stages. The model proposed in the 
equation (9) is applied for predicting the properties of the intermediate densities and the showed 
variation in the behaviour with respect to the different sintering conditions. 
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Figure 17: Fracture surface obtained after sintering at 1120 °C and 1250 °C for 30 minutes 
in 90N2/10H2 (a and b) and vacuum of ~ 0.1 mbar (c and d) [Paper I]. 
The analysis of the fracture surface of the sintered and HIP samples clearly reveals increase in 
inter-particle necks with increase in density. The particle surface appears to be clean 
irrespective of the sintering conditions and the fracture is mainly inter- and trans-particle ductile 
failure. The dimples are often initiated at oxide inclusions, with the presence of oxide inclusions 
within the fractured necks being a common feature observed for all the sintering conditions to 
various extent, see Figure 17. Significantly more oxide inclusions can be seen in case of low-
temperature sintering whereas in case of high-temperature sintered samples oxide inclusions 
can be found only sporadically. In the case of HIP samples, fracture surface appears to be 
rougher with the presence of oxide inclusions all over the neck regions. It is evident that the 
failure takes places through these prior particle boundaries enclosing the oxides as they are the 
weakest volume of the material for the crack to propagate. 
 Oxide transformation during sintering and HIP  
Sintering is a surface phenomena and the interactions that occur on the surface of the metal 
particles define the properties and performance of the PM steel and hence determines the limits 
of its application. Therefore, it is essential to analyse the oxide transformation that takes place 
during sintering of Cr-alloyed PM steels to have an understanding of proper process control. 
Paper III presents the XPS and SEM analysis on fracture surfaces of PM steel made from 
powder pre-alloyed with 1.8 wt.% Cr. The Analysis on the de-lubricated (450 °C for 30 min) 
fracture surface reveals that the surface characteristics are similar to that of the as-received 
powder, having a surface iron oxide layer of 6 to 7 nm in thickness and small particulate oxide 
(a) (b) 
(c) (d) 
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features rich in Cr, Mn, and Si. This shows that elements like Mn and Si are selectively oxidized 
to certain extent despite of theme present as trace elements. As the de-lubrication is performed 
in pure N2 atmosphere at 450 °C, there is no change in surface oxide composition at such 
temperature and the initial powder characteristics are retained. However, further analysis 
reveals that the samples heated to 700 °C in the presence of hydrogen-containing atmosphere 
contributes to the surface iron oxide reduction.  
 
Figure 18: SEM micrographs showing the fracture surface of the Cr-pre-alloyed PM steel 
sintered at different temperatures: 700 °C-1 min (a), 900  °C-1 min (b), 1120  °C-1 min (c), and 
1120 °C-30 min (d) [Paper III].  
From the XPS analysis, the increase in the relative cation concentration of Cr, Mn and Si are 
observed after heating at the temperature range of 700 to 900 °C. Such increase indicates 
formation of oxides rich in these elements, even though again Mn and Si are present as trace 
elements. Hence, the temperature range in question is critical since the carbothermal reaction 
(both direct and indirect) will be active only above 800 °C, resulting in further reduction of the 
oxides. Furthermore, due to the nature of the reactions, the earlier growth and development of 
the inter-particle necks are significant for the effective sintering to take place.  
The analysis of the fracture surfaces of samples heated at 700 °C and 900 °C for short nominal 
period of time (1 minute), see Figure 18 (a, b), shows the branches of neck formation, where 
the particle were supposed to be in contact and continued to grow with the temperature. The 
un-reduced oxide residues are hence entrapped in the forming necks with result of oxide 
particulates. The fracture surface in Figure 18 (c, d) indicates well developed inter-particle 
necks with ductile dimple features with the particulate oxides that tended to coarsen with the 
holding time during sintering. These particulate oxides are rich in Cr-Mn-Si, supposedly spinel 
oxide, its formation being consistent with thermodynamic stability assessment. Such kind of 
oxide is not entirely expected to be reduced during sintering temperatures of below 1120 °C 
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and hence increasing the temperature above 1200 °C should contribute to a significant 
reduction. 
 
Figure 19: Model illustration of the oxide transformation that takes place during sintering in 
hydrogen-containing atmosphere, vacuum conditions and during HIP. 
Sintering of water atomised powder involves initial reduction of the surface oxides to form the 
inter-particle bonding otherwise it will act as a diffusion barrier. The fracture surface indicates 
the degree of bonding that has developed during the different stages of sintering. In the vacuum 
sintering, there is no oxide reduction during the initial phase due to the absence of hydrogen. 
Carbon plays than a major role contributing to the reduction above 900 °C and its effect is more 
pronounced when sintered at high sintering temperatures. In the case of powder-based HIP, 
even though there is a presence of graphite, due to the closeness of the system oxygen cannot 
be removed from the material and hence chemical composition of the material (including 
carbon and oxygen) remains the same. Similar to the sintering, the surface iron oxides are 
transformed into more stable oxides rich in Cr, Mn, and Si along the prior particle boundaries. 
The main difference in case of oxide transformation during powder-based HIP is the 
significantly higher amount of oxide residues in comparison with sintering. Based on this, a 
model of oxide transformation is proposed, see Figure 19, illustrating different oxide 
transfomation mechanisms taking  place under different conditions and it highlights that in the 
absence of reducing condition in the atmosphere all the iron oxides covering the powder surface 
are transformed in to more stable oxides according to the thermodynamic equilibrium.  
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 Approaches for reaching full density 
Figure 20 presents the different approaches considered in this study based on the appended 
papers in order to reach the full density in PM steel. All the approaches, including cold isostatic 
pressing, liquid phase sintering and double pressing-double sintering, enabled reaching the 
higher density levels through high sintering temperature. This allowed further utilisation of 
capsule-free HIP for full densification.  
 
Figure 20: Process flow adopted for attaining full density in PM steel. 
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6.4.1 Cold isostatic pressing with subsequent sintering 
The investigations presented so far on the Cr-alloyed PM steel under different sintering 
conditions and powder-based HIP provided the necessary background for full density 
consolidation of water atomised powder having normal oxygen levels for such powder [Paper 
IV]. This study presents the consolidation of water atomised powder through means of CIP. 
Figure 21 (a, b) presents the compressibility curve for both iron and Cr-alloyed powder; for 
these two variants the maximum green densities of around 7.55 g/cm3 and 7.45 g/cm3 were 
reached, respectively. The presence of lubricant affects the compressibility, whereas for the 
powder with and without graphite the densification behaviour was similar and the pressures 
beyond 600 MPa ensured reaching such high density levels.  
 
Figure 21: CIP compressibility curves of iron (a) and pre-alloyed with Cr (b) powder. 
Sintering at 1120 °C gave similar density levels after CIP and did not provide any surface pore 
closure. Sintering at 1250 °C, however, enhances the sintered density to 7.60 g/cm3 and 7.50 
g/cm3 for the iron and Cr-alloyed material, respectively. These values represent about 96% of 
the theoretical densities in the two cases. The open pores are transformed into closed pores, 
which become rounded and isolated as confirmed by the He-pycnometer measurements and 
microstructure analysis. However, the complete pore transition occurs only in the presence of 
graphite for Cr-alloyed PM steel, which indicates the significant role of carbon in reducing the 
oxides and assisting in forming better inter-particle necks. The minimum CIP pressure 
necessary for reaching pore closure after sintering at 1250 °C is about 500 MPa for Fe and 600 
MPa for Cr-alloyed steel [Paper IV]. Figure 22 shows the optical micrograph of the Fe and CrM 
compacts with 0.4C after HIP, showing fully dense microstructures. The measured hardness 
values were very similar to the hardness values of fully dense wrought materials obtained from 
JMatPro simulations for the similar composition and cooling rate. 
      
Figure 22: Optical micrograph of Fe+C (a) and CrM+C (b) after capsule-free HIP.   
(a) (b) 
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6.4.2 Liquid phase sintering with boron-containing master alloy (Papers V & VI) 
The scope of this study was to evaluate the role of Ni-Mn-B master alloy addition on the 
densification behaviour of PM steel. The liquid phase generation was assessed using DSC and 
related to the resulting microstructure and mechanical properties of the compacts from 
dilatometry sintering. Formation of the liquid phase is found to occur in two stages involving 
the master alloy melting at around 1100 °C and eutectic reaction at around 1150 °C. The 
densification mechanism is hence a result of the liquid phase formation at different stages, as 
seen from the optical micrographs of the samples in Figure 23. The master alloy (MA) particle 
structure in Figure 23 (a) indicates partial melting of the MA particle. Once the master alloy is 
melted, the melt penetrates along the particle and grain boundaries causing rapid shrinkage 
through the initial particle rearrangement.  
   
Figure 23: Optical micrographs of Fe-Mo+1.5MA+C after different sintering temperatures: 
1000 °C-1 min (a), 1100 °C-1 min (b), and 1240 °C-30 min (c). 
Once eutectic reaction then begins, the secondary liquid formation occurs and the final 
precipitation takes place, having the typical eutectic structure after sintering at 1240 °C, see 
Figure 23 (c). This is the characteristic behaviour observed for all the six powder mixes 
mentioned in Paper V. The effect of alloying content on the densification behaviour is shown 
in Figure 24. It is clear from the calculations presented in Paper V that the liquid phase content 
increases with higher master alloying content.  
 
Figure 24: Density plot for Fe-Mo mixes with varying master alloy after interrupted sintering 
trails [Paper V]. 
(a) (b) (c) 
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Alloying elements, such as Mo and C, have a significant impact on densification behaviour and 
the properties. Both elements contribute to the higher liquid volume fraction and hence the 
increased density levels, see Figure 24. The presence of Mo plays a vital part in the liquid phase 
formation and is an essential element to be accounted for when adding B to realise improved 
mechanical properties. The results for mix with 2.5 wt.% of master alloy addition, however, 
showed embrittlement of sintered material, owing to the formation of continuous boride 
networks along the grain and particle boundaries, with such networks becoming more severe 
with increased amount of added carbon [93]. By decreasing master alloy content to 1.5 wt.% in 
the samples, however, the sintered material exhibited excellent ductility and impact energy 
beyond 100 J, which is similar to the Fe-0.1B variant [131]. The results indicated that the master 
alloy addition effectively enhanced the densification behaviour. The behaviour during sintering, 
along with the liquid phase generation, microstructural characteristics and mechanical testing 
revealed that the optimised master alloy addition by reducing it from 2.5 to 1.5 wt.% was 
necessary for better performance.  
6.4.2.1 Surface densification 
Sintering with the addition of 1.5 and 2.5 wt.% of Ni-Mn-B master alloy enabled reaching 
relative density levels of beyond 95% and displayed a surface densification phenomenon. 
Furthermore, the formation of such pore free surface layer is prominent especially when 
compacts are sintered either in hydrogen or hydrogen-containing atmospheres [25]. This gives 
the possibility to perform capsule free HIP to reach full densification. Figure 25 (a) and (b) 
shows the microstructure after sintering and capsule-free HIP, resulting in densification of up 
to 96% and 100%, respectively. 
  
Figure 25: Optical micrograph of Fe-Mo+1.5MA+C specimens after sintering (a) and after 
HIP (b).  
(a) 
(b) 
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6.4.3 Double pressing-double sintering approach 
The scope of this study was to evaluate the limits of double pressing and double sintering in the 
case of optimised powder pre-alloyed with Mo. Characterisation at different stages of the 
process was then performed as part of this thesis study to evaluate the effect of powder size 
fraction and the geometry of the specimens on the densification after final sintering and HIP.  
 
Figure 26: Density levels at different process stage for the Cylindrical (a) and Gear (b) 
specimens [Paper VII]. 
The results show that the double pressing-double sintering is sufficient for surface pore closure 
after sintering at 1300 °C for cylinders (B & C) and further HIP to full density, see Figure 26 
(a). However, in the case of gear specimens, the lower densities were recorded, see Figure 26 
(b). Both the cylindrical and gear specimens after DPDS reached a relative density of about 
95%. When it comes to the samples made from standard and fine (< 63 µm) powder, the fine 
powder resulted in enhanced densification after second sintering owing to the size effect. For 
the simple cylindrical geometry, both the standard and fine powder samples resulted in full 
densification after capsule free HIP reaching ~7.89 g/cm3.  
 
Figure 27: Micrographs of the gear cross section showing the analysed tooth and the centre 
region for the gear samples (a), tooth region of the samples after HIP sectioned at the neutral 
zone, Gear B (b) and Gear C (c) [Paper VII]. 
6.4.3.1 Neutral zone 
For gear samples, it is evident that the neutral zone problem persists even after HIP processing. 
This phenomenon arises from the first pressing step where the density gradient or variation 
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within the compact arises due to the pressure gradient during compaction along the component 
height at the tool/powder compact interface. This, in fact, causes low-density levels in the 
middle region in the component surface, which persists even after HIP. This region is associated 
with the open pores on the surface and after HIP it will remain as the unclosed region as in 
Figure 27 (b & c). This is more evident in the case of coarse powder in gear specimens. A 
similar densification behaviour is also predicted by FEM simulations after pressing [132]. Even 
though the porosity values of the fine powder samples after first pressing and sintering are 
slightly higher, the average pore size is somewhat smaller than that for the standard powder 
samples [132]. This promotes better densification after second sintering and HIP. Considering 
the geometrical aspects, smaller gear tooth geometry will result in a neutral zone due to the 
incomplete powder filling, and this problem can be eliminated for larger gear geometry as 
shown in simulations observed from the powder pressing simulations [133], [134]. From this 
study it can be inferred that for complex geometries, like gears, having fine powder size fraction 
and sintering at high temperature is beneficial. This allows to have a pore closure on the surface 
which can be HIP-processed further without any capsule to full density. 
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7 CONCLUSIONS 
 Studies of PM steel pre-alloyed with Cr 
7.1.1 Effect of sintering conditions on mechanical properties  
The effect of the sintering parameters such as sintering temperature and process atmosphere 
have been analysed with resulting conclusions as follows.  
• High sintering temperatures (>1200 °C) are needed for increasing the mechanical 
properties as well as to assure effective reduction of the surface bound oxygen.  
• The influence of different vacuum levels on sintering is negligible when sintering at 
high temperatures.  
• High density samples can be sintered with a good mechanical properties in vacuum or 
reducing gaseous atmosphere at high sintering temperatures of 1250 °C. 
7.1.2 Effect of density on mechanical properties 
• Increasing the density increases the properties following general relationship  
𝑃𝑃 = 𝑃𝑃0�𝜌𝜌 𝜌𝜌0� �𝑎𝑎 as the strength of the material is determined by the increased load 
bearing sections. 
• Powder-based HIP enables full densification and allows for reaching properties 
equivalent to that of wrought material. 
7.1.3 Oxide reduction during sintering and HIP  
Analysis of fracture surface after sintering indicates oxide transformation through different 
stages of sintering has been addressed with results as follows. 
• Reduction of surface iron oxide layer by hydrogen at lower temperatures of around 
450 to550 °C and by carbon at higher temperature (>800 °C) both play important role 
in the sintering of Cr-alloyed PM steel. 
• Higher oxygen content in the water atomised powder results in higher content of the 
oxide phases in the powder-based directly HIP-processed components. 
• The surface chemistry of the powder in terms of initial oxide thickness and potential 
transformation to stable oxide phases is significant for the final distribution of oxide 
particles at prior particle boundaries in the directly HIP-processed material and hence 
its resulting properties.  
 Full density consolidation processes 
7.2.1 Cold isostatic pressing  
• Consolidation of water atomised powder through CIP allows for reaching 95% relative 
density levels involving pressing without any lubricant addition.  
• Sintering at high temperature in presence of carbon is essential to enable surface pore 
closure.  
• Capsule-free HIP allows for full densification and the obtained properties are equivalent 
to those of the wrought material.  
• It is demonstrated that the CIPsinterHIP is a potential processing route for full 
density consolidation starting from water atomised powder. 
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7.2.2 Role of boron-containing master alloy 
The liquid phase sintering using recently developed boron-containing master alloy enabled 
following results.  
• Enhanced densification of above 95% of the theoretical density after sintering is shown.  
• The molybdenum and carbon means significant impact on the densification and final 
properties.  
• Microstructural embrittlement occurs when master alloy addition is up to 2.5 wt.%.  
• Carbon addition may also result in significant embrittlement of the final components. 
• Optimised boron content for improved properties is around 0.12 wt.% (1.5 wt.% master 
alloy addition).  
• Utilisation of the master alloy provides surface densification that allows subsequent HIP 
without any capsule to reach full density. 
7.2.3 Effect of double pressing-double sintering 
The double pressing-double sintering of standard and fine powders of iron pre-alloyed with 1.5 
wt.%  gave the following conclusions . 
• High enough density to close the surface pores allows subsequent HIP without capsule.  
• The result is near full density and hence this approach could be potential route for 
making fully dense PM parts. 
•  Still, the neutral zone problems associated with the pressing operation need to be 
addressed and tuned for successful final densification of parts in all locations by means 
of final capsule-free HIP.  
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8 SUGGESTIONS FOR FUTURE WORK 
Though the emphasis in this thesis study has mainly been towards the densification aspects of 
the PM steel, some critical aspects were observed when it comes to the successfully achieving 
full densification.  
 Cold isostatic pressing and sintering 
• In terms of CIP trails in case of water atomised powder, trails should be performed on 
the powder with lower amount of oxygen to reduce the overall impact of the oxygen 
content. 
• The role of oxides and its influence on the mechanical properties are needed to be further 
evaluated, especially with respect to the fatigue properties.  
• Economic feasibility of the approach has to be further developed.  
• The CIP mould design and manufacturing should be optimised in order to realise near 
net shaping possibilities.  
 Hot isostatic pressing 
• The effect of the oxygen content of water atomised powder and HIP parameters should 
be studied.  
• The optimisation of HIP parameters such as temperature and pressure need to be 
developed for this type of material. 
• The interaction and the influence of the argon atmosphere used in the HIP should be 
evaluated, considering the HIP being performed without any capsules.  
• The possibility to integrate vacuum sintering, HIP and post heat treatment as a single 
process should be evaluated. 
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